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INTRODUCTION TO PART II 


Part II has a threefold purpose: to examine how light behaves, to consider a model 
for this behavior, and to explore the behavior of waves. 


The choice of light as the first field of physics to be examined in detail has advantages. 
Much of the subject can be learned by the students from laboratory work that is stimulat- 
ing and yet does not require much experimental maturity or sophisticated apparatus. 
With light, we can start with simple phenomena and progress to rather subtle ideas about 
waves, thus bringing the student to an awareness of the nature of waves before delving 
into the mechanics of particles in Part III. Since most of us have better intuitive ideas 
about particle behavior than about wave characteristics, this sequence should cause stu- 
dents to be more responsive to the ideas in Part IV that matter particles are in some de- 
gree wavelike. Finally, the study of light provides an especially effective context for 
considering, in parallel with the characteristics of light, how a physical theory is de- 
veloped. The organization of Part II leads in a somewhat contrapuntal style toward the 
subtleties of modern physics. 


Chapters 11 through 14 present a picture of how light behaves without going behind 
the behavior to look for an explanatory model. These chapters derive the principles of 
reflection and refraction from observation and experiment in the laboratory and from 
the analysis of experiments in the text. The application of these principles in lenses 
and simple optical instruments is shown. 


Chapter 15 proposes a model for light, the particle model. This model is adequate 
to describe most of the characteristics of light but fails to give a simple explanation of 
the relationship between refraction and the speed of light. Because of this and other 
flaws, a simple particle model is temporarily abandoned in favor of a search for a more 
satisfactory model. This chapter highlights the characteristics of light by way of search- 
ing for a model that fits these characteristics, and also provides an example of how 
Scientific hypotheses grow out of, and are confirmed or denied, by experiment. 


Chapters 16 through 18 lay the groundwork for a wave model for light by considering 
how waves reflect and refract, first in one dimension (waves on a coil spring), then in 
two dimensions (water waves). Diffraction and interference are introduced. As wave 
characteristics are explored, parallelism with the behavior of light is apparent. 


Chapter 19 examines the wave explanation of interference and diffraction in light, and 
the resultant grounds for belief in the wave-like nature of light. 


RELATED MATERIALS FOR PART II 

Laboratory. Laboratory work always helps to show that physical ideas are rooted in 
reality, and that while they are often imaginative, they are not sourceless. The labora- 
tory experiments for Part II are of vital importance. The laboratory Should be the funda- 
mental resource for learning about waves. The yellow pages of this Guide include recom- 
mendations on scheduling and handling each of the experiments, and answers to questions 
in the students’ Laboratory Guide. 


Films. Introduction to Optics” is an introduction to Part II of the course. The film 
displays many of the phenomena that must be explained by a model for light, and directs 
the students' attention to some of the more significant questions which class and labora- 
tory work will have to answer. This film can be used on the first day of classwork on 
Part II. 


Pressure of Light” fits with Chapter 15, Section 4. In exploring a particle model, 
the text notes that light pressure is predicted by such a model. While this is not simple 
to confirm in the laboratory, the film, using sensitive apparatus, shows the existence of 
light pressure. 


“Speed of Light” also relates to the work of Chapter 15. The film shows not only a 
straightforward measurement of the speed of light, but a side by side comparison of the 
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t in air and in water. This is useful in connection with an experimental 
ee prediction from the particle model of the relation between the spoed 
of light in air and in a material of greater refractive index. The (€ emp xm 
are interesting from the standpoint of being a real measurement, by clearly apparen 
methods of a speed that is outside the range of common experience. 


“Simple Waves’? is related to the beginning work on waves in Chapter 16. Using some- 
what ote elaborate apparatus than is ordinarily available in secondary school labora- 
tories, and slow motion photography, the film clearly shows the characteristics of waves 
traveling in one dimension. Some teachers prefer to use this film early in their develop- 
ment of wave concepts. Most teachers prefer to use it near the end of their work on 
Chapter 16, to give a more detailed look at phenomena that students have first seen 
directly with simple apparatus and at first hand. 


Science Study Series. As the Science Study Series grows, you will find an increasing 
number of titles that deal with subjects related generally to Part II. Currently available 
titles that deal with ideas growing out of those in Part II are: Echoes of Bats and Men, 
by Donald R. Griffin; Waves and the Ear, by Willem A. van Bergeijk, John R. Pierce 
and Edward E. David Jr; and Horns, Strings and Harmony, by Arthur H. Benade. Among 
titles expected to be available soon are Michelson, A Biography, Vision, The Red Shift, 
and Spectroscopy. 

SCHEDULING PART II 

The following schedule is consistent with the information on scheduling in the Intro- 
duction to the Guide for Part I, and suggests plans for covering Part II of the course in 
one of two periods: 9 weeks, or 14 weeks. The shorter schedule is appropriate for a 


one year course. While these schedules are meant only as approximate guides, they are 
based on teaching experience. 
9-week schedule 


14-week schedule 
for Part II for Part II 
= - 
Periods Periods Periods Periods 
II. 
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Chapter 11 - How Light Behaves 


The intent of this chapter is to present a quick and qualitative view of the subject of 
light. The topics which are briefly introduced here become the central themes in the re- 
mainder of Part II. This introductory picture of light might be obtained by making the 
reading of the chapter a reading assignment and then using class time for the discussion 
of Home, Desk and Lab” problems as a way of determining the background of the stu- 
dents. 


An introductory discussion, suitable for use before you assign the chapter, is suggested 
below. This discussion is intended to help overcome possible disinterest of students who 
think they are familiar with light and some of its properties. Because light is so common, 
some special effort may be required to bring students to an appreciation of its mystery 
and beauty. Students who can imagine they are learning about light for the first time and 
who can read the chapter with a fresh point of view, obtain important, lasting insights. 

The film ‘‘Introduction to Optics” can be used effectively for this purpose. 


CHAPTER SUMMARY 

This chapter can be put in proper perspective by recalling the aims of Part II of this 
course, the study of light. In general, from this part of the course, one might hope to 
understand what light is and how it behaves. It is good scientific practice to defer the ques- 
tion of what light is until after having examined what light does under a variety of condi- 
tions. Thus, the content of this chapter might be thought of as a set of preliminary answers 
to the following questions. (The answers, at this stage, are necessarily crude; superior 
answers from which important conclusions can be drawn will be reached in later chapters 
after the necessary detailed experiments and observations have been described.) 


(3) How does light get started? From what kinds of material does it come? 
Section 1 - Sources of Light 


(b) What happens when light hits an object? Does all the light enter? Does it go 
through? Does it bounce? r 
Section 2 - Transparent, Colored, and Opaque Materials 
Section 3 - Reflection E 


(c) Are there devices, other than eyes, which are sensitive to light? Are all these 
devices equally sensitive or can some detect what others miss? 
Section 4 - Light Sensitive Devices 
Section 5 - Invisible Light 


(d) Does light go in straight lines? Does it sometimes bend? 
Section 6 - How Light Travels 
Section 7 - Diffraction 


(e) Does light appear simultaneously at different places or does it travel with some 
definite speed? 
Section 8 - The Speed of Light 


INTRODUCTORY DEVELOPMENT FOR ENTIRE CHAPTER 

In order to help give students a fresh orientation, just before you assign this ter 
you might hold a class discussion in which students are challenged to describe light to a 
race of men who know nothing at all about light. Blind people would not be a suitable ex- 
ample because they have lived with people who constantly discuss what they see. The 
description should be directed to imaginary beings whose ignorance of light is like man’s 
ignorance of radio waves before they were discovered. 


Ask students to give examples of how they would tell such people about light. Probably 
the most noteworthy difference would be that whereas the lightless“ would have to touch 
an object to determine its size, shape, and texture, we can determine these properties at 
2 great distance, merely by looking. Our ability to make such observations undoubtedly 
would seem unbelievable to the ""lightless'' (perhaps just as the notion of seeing and hear- 
ing (a television broadcast) from halfway around the world might have seemed absurd in 
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ot . 
1800). Let various students try to explain light to the ‘lightless 


A possible student response might be: Well, the way we can tell ie? € * 
can' t touch is that we use stuff called light. P. is P lu i sed ES ma 
it. (That is, you usually can’t feel it, but some mes if i - p 
we pes kno Hal there is light is that you see it. Now seeing means that........-- 


€ hen light enters these 
„Well, human beings have little bulges in their head, and w. : 
ou ue know it. Lou don’ t exactly feel light; you see it. You might think this light 
hurts when it hits the eye, but it doesn’t (unless it is too bright). 


te when you see the light, you know about the object the light came 
Em [sess A sels ie you throw 1 5 and hear a crash, then you know there is 
(or was) something where you threw the ball. Better still, if you throw a ball and it comes 
back, you know it must have hit a fairly flat object, like a wall. Now light works a lot : 
better than listening for crashes or trying to retrieve balls that have bounced. You don't 
have to throw light out (which is fortunate because you can’t throw it unless you carry a 
flashlight, a special gadget which throws light). Usually, the sun, or an electric light 
bulb throws the light; it doesn’t make much difference where the light comes from origi- 
nally, because it spreads out and some usually gets to you.“ 


Now it may seem funny that light bounces off everything, and goes in all directions 
and yet you can tell about what its coming from, but the reason is...."" 


“Another interesting thing about light is that it seems to appear everywhere all at once. 
For example, if you press a button to turn on a light, the light seems to be everywhere, 
even before you hear the click; it’ s not like a ball traveling or even like an echo. 


“<. , And another thing is that light comes in different colors. Now, by color I mean. 


Some of your students may supply better explanations than those given above. Classes 
2380 past have had lively discussions and criticisms of proposed statements to the “‘light- 
ess”, 


Perhaps you can find a better way to get the students to back off, as it were, and ex- 
amine light as though they were noticing it for the first time. If you can get them to read 
this chapter in that fresh frame of mind, you will contribute greatly to accomplishing the 
aims of the chapter. 


After you have introduced the chapter, before assigning it, you might suggest that the 
students check as they read, and list the mentioned properties of light which are new to 
them. It will be a rare student who does not find at least one new property of light if he 
reads the chapter carefully. Most students will learn many new things. 


After the students have read the chapter you ma: 
3 y want to discuss it briefly as a whole 
either by continuing (on a more sophisticated level) the explanation to the lighiless or by 
reviewing the new things about light which different students learned. 


Another interesting question which can be discussed before the stud 
ents re 
is whether colored glass adds or subtracts something from white light. (See Section X 
the suggested development for that section in this Guide.) 


SCHEDULING CHAPTER 11 


Because Chapter 11 is introductory, its schedulin 
? g is relatively simple. 
ok two v 55 5 cre apes E whether you plan to use 9 oe i sath Pa ie chm 1 
h ary discussion such as the above, a part of 
DR nd TR the students read the chapter. Several duele ae caso 
F ves discussions of the sections; however, you will only want to select 
film "Introduction to Opties” at the tie yas ies Your class. I you can Schedule the 
e i : 
a great deal in Setting the Stage for Part iot the piti 6 


RELATED MATERIALS FOR CHAPTER 11 
Laboratory. None of the experiments were designed for this chapter. 


Home, Desk and Lab. The following table classifies problems according to their esti- 
mated level of difficulty and the sections to which they relate. Those which are especially 
suited to class discussion and those which are home projects are indicated. Problems 
which are particularly recommended are marked with an asterisk (*). Answers to prob- 
lems are given in the green pages: short answers on page 11-9; detailed comments and 


solutions on page 11-10 to 11-14. 
Class Discussion Home Projects 


Films. Introduction to Optics’’,by Elbert P. Little of PSSC. This film is not intended 
to ‘‘explain’’ light, but rather to identify the major characteristics of light behavior which 
a theory must explain. The remainder of Part II is concerned with analyzing these char- 
acteristics and searching for a satisfactory theory. Running time: 23 minutes. 


The film considers the approximation that light travels in straight lines. Demonstra- 
tions show the four ways that light can be bent — diffraction, scattering, refraction, and 
reflection. Refraction is illustrated with underwater photography 5 how objects 
above water appear to a submerged observer. 


ADVANCED WARNING FROM ALL PREVIOUS TEACHERS 

In Chapter 17, you will begin work with ripple tanks. This is one of the most interest- 
ing and instructive activities in the entire course. But, YOU NEED TO GET YOUR RIPPLE 
TANKS OPERATING NOW TO GAIN SOME EXPERIENCE WITH THEM BEFORE STUDENTS 
START TO USE THEM! No matter how much too busy you are, or what else must be de- 
prived of time, it is essential that you get your ripple tanks going SOON. 


Section 1 - Sources of Light 
PURPOSE To indicate what makes objects visible. 


CONTENT Luminous objects emit light. Most things we see are non-luminous objects 
which reflect light. 


DEMONSTRATIONS ‘You may want to show students the change in color of an incandescent 
light as it becomes dimmer, and the constancy of the color emitted by fluorescent and 

neon lights independent of brightness. This is not the occasion to explain why these light 
sources differ. It is enough to observe that incandescent sources are materials which give 
off light characteristic of the temperature rather than the material. The fluorescent and 
neon“ lamps have colors which depend on the material and its atoms or molecules. Stu- 
dents are often familiar with terms such as red hot” or white hot” but they might be 
interested in the fact that color can be and is used as a semiquantitative measure of tem- 
perature. (For explicit examples, look up ‘‘Temperature, Color scale of’’ in a Handbook 
of Chemistry and Physics.) 
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DEVELOPMENT You can emphasize the importance 5 Bub hy ieri oH rape peo 
: : o 
what the view would be if nothing reflected light. Emphasize 4 b 
i affairs. Most students will be some 
lights would be required in going about everyday = E rents 
ing were painted with fluoresc p is 
surprised when they realize that, unless everyth : . For 
a world without reflectors would not be very different from ^ 
xam] d with lights. You could not 
le, all doors and passageways would have to be marke ^ 
dee nor walk, unless roads were lined with lights and all objects were outlined by lights. 
Lights could not illuminate; they would merely be signals. You could never see anyone 
else or yourself, and you could not use a mirror. 


ical senses; 
Note: Luminous“ and ‘‘non-luminous”’ are used in the text in their technica! s 
most dictionaries define as luminous any object which gives off light independent of whether 
the object is an actual source or a reflector. 


Some students may not remember that Celsius“ (on page 179) is the new, internation- 
ally accepted term for ‘‘centigrade’’. 


Section 2 - Transparent, Colored, and Opaque Materials 
Section 3 - Reflection 


PURPOSE To indicate what happens when light hits different objects. 


CONTENT a. Some objects mainly transmit light, others mainly absorb it, and still 
others mainly reflect it. 


b. Even objects which appear transparent usually absorb and reflect some light. 


c. Acolored, semi-transparent material absorbs some colors, and appears to be the 
color of those it transmits. 


d. Light is bent as it enters or leaves a transparent substance. 
EMPHASIS Note that reflection will be studied in detail in Chapter 12, as soon as you 
finish this chapter. Refraction is described in Chapters 13 and 14. 
DEVELOPMENT Examples of some of these 
in the film ‘‘Introduction to Optics’’. 
You can probably get a lively class discussion by asking the students how they would 
show whether colored glass adds 


or subtracts something from white light. Have a source 
of white light and some colored pieces of glass availabl ; 
n p g Vi e 80 that the suggestions given by 


phenomena are particularly well introduced 


If the students have not read the cha ter, this prior discussi i 
simple but convincing reasoning used $i the t 1 de 


ext. Even if the students have read the text, 

you can start a discussion by calling on less vocal students first, and on some argumenta- 
tive ones next. If no one wants to argue, ask for criticisms of this hypothesis: 
The red filter adds red, the green filter adds 
fs green, but these add 

cancel each other when the two filters are used together. „ 2 nd 
The students should realize that if only th } 
e econ cel line AE sica e added colors were cancelled, white light or at 


0 
tween the alternatives. onstantly try to think of experiments 
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You can close this discussion by asking for an experiment even more decisive than the 
ones quoted in the text. See whether anyone can suggest using different single colors from 
a rainbow“ (or a spectrum) to test the colored glasses. (Of course, if this suggestion 
comes too early, defer it.) Have a demonstration ready to prove this if you have the equip- 
ment available. 


Is Figure 11-4 right-side up? The problem posed by Figure 11-4 tantalizes many stu- 
dents. Most students realize that the picture is right-side up, but a few convince them- 
selves that it is upside down. One of the most obvious clues that the picture is right side 
up is that the white strips (probably snow or roads) and the distant mountains appear in 
the upper half but not in the lower reflection. Furthermore, the definition of the outline 
of the mountain on the right is better in the upper half. The chief reason that students 
give for believing the picture is upside down is the higher contrast between the clouds and 
the sky in the reflection. If the students ask about this, restrict your answer and indicate 
only that the blue light from the sky is reflected more poorly than is the light which comes 
from the cloud. There is no need to get side tracked now with a discussion of the fact 
that the blue light, which results from scattering is partially polarized while the light re- 
flected diffusely from the clouds is not. Many students observe this same type of increased 
contrast when they wear polaroid sunglasses. 


Another lively discussion of the properties of light discussed in these sections can be 
begun by asking what properties an ‘‘invisible man’’ would have to have. Clearly he must 
not reflect light or absorb it, but one which many students will miss is that he must also 
not bend, or refract, it. 


Note: Some students who try to reproduce the ''floating coin’’ effect shown in Figure 
11-2 are disappointed because they do not see as much enlargement as shown in the picture. 
Most will realize that the coin under water appears closer and hence seems to be floating. 
But they cannot get the maximum enlargement for water (1.33) unless they put their eye 
just above the water surface of a tall glass. 


COMMENT In such wide open discussions as have been recommended here, there is real 
danger that students will become embroiled in arguments about overly precise definitions. 
How transparent does a substance have to be to be called transparent? Simply do not 
allow such discussion. It is pointless. These terms are not meant to be defined precisely, 
they are merely generally descriptive. 


Section 4 - Light Sensitive Devices 
Section 5 - Invisible Light 


PURPOSE To indicate that the eye is not the only light detector and that some ‘‘light’’ 
is invisible. 


CONTENT a. A variety of substances respond to light; in a photographic film, light 
produces a lasting chemical change while in a photocell, light affects the electrical current. 


b. The heat radiation (infrared) given off by hot objects, and ultraviolet light are similar 
to visible light but cannot be seen. 


CAUTION Avoid discussion of the electromagnetic spectrum, wavelength, frequency or 
the wave nature of light. The development of the next few chapters, and the success of 
Chapter 15, The Particle Model of Light, partially depends or. students having open minds 
on the nature of light. If students raise questions about the electromagnetic waves, assure 
them that they will have a full answer before the course is finished. 
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Section 6 - How Light Travels 
Section 7 - Diffraction 


CONTENT a. Light usually travels in straight lines. It bends very slightly, close to 
the edge of an obstacle, but the bending is so small that it can be disregarded usually, ag 
a good first approximation. 


b. Light can travel through empty space, and it can travel great distances. 
c. The eye is aware of light only when that light enters the eye directly. 


EMPHASIS The straight line propagation of light will be treated in detail at the beginning 
of Chapter 12. Diffraction will be clarified in Chapter 19; for the present the students do 
not even have to remember the term, diffraction. Diffraction is introduced here simply 
to point out one of the interesting phenomena we have to explain. The film ‘Introduction 
to Optics” introduces diffraction in a way that will interest students. 


COMMENTS Some students may ask you for help in seeing the diffraction effects men- 
tioned on page 186. A common student difficulty is not looking at long objects. Suggest a 
cord shade in front of a window or the dividing strips in a window. The fingers should 

be close to the eye and should form a slit parallel to the object being viewed. Slits can 


also be produced easily by adjusting the wires of r clips »n or pencil 
until the slit between clip and barrel is very * rr 


Diffraction is perhaps the most complicated subject treated in Part II. Do not get 
b an extensive discussion here. Treat it only Hh case where light E not navel in 
F e Avoid mentioning now that this sort of phenomenon „proves“ the wave 

805 of light. That will „give away” some of the plot of Part II. I you leave your 
Bi nts dissatisfied, so much the better. They will learn the details later. 


off graduall: nly part of the source. The illumination falls 
a shadow are mat viii pine edis, Probably none of your students has — seen 
must come fom à ya y Él displayed to see genuine diffraction effects. The light 

a very sharp edge EUN i a Pb ide X ox alit and the shadow must be formed by 
demonstrations at this stage. e. It is probably best not to get involved in 


Section 8 - The Speed of 
Light 
CONTENT The Speed of light in vacuum o: 
objects that it is difficult to comprehend; 
CAUTION In order 
stage, aot 0 e ac Mn TM light as this volume intends, it is best at this 


students may 
and therefore 


r air i8 80 much greater than that of observable 
the value is 3 x 10? m/sec. 


the ed 
Eu Me m either in a vacuum or in 
methods in detail until Chapter 15. CoU odd 


4 


11-7 


IMFORMATION Students who are familiar with the motion of the planets and their moons 
within the solar system may get a fair understanding of Roemer’ s method of measuring 
the speed of light. Other students will get only a vague notion. A precise understanding 
is not needed. However, someone may ask you for an out-of-class explanation. The 
following notes do not tell the whole story, but they may help. 


Jupiter’ 8 


Ps orbit 


earth’ s 
orbit 


satellite’ s 
orbit 


With reference to the previous diagram: 


When the earth is in position 1, the time between two successive eclipses of Jupiter’ s 
satellite can be measured, giving the period of rotation as 42 1/2 hours. This measure- 
ment can be made so accurately that tue exact time of a particular eclipse seen some six 
months later can be predicted. In six months, the earth has moved from 1 to 3. When 
the observation of the eclipse is made, it is found to occur 16 minutes 20 seconds late. 
Roemer’ s measurements were not so accurate. He obtained 22 minutes. He correctly 
surmised however, that this discrepancy was caused by the time it took light to cross 
the diameter of the earth’ s orbit. 


In order to understand a detailed explanation, it is necessary to note that during the 
42 1/2 hours between two successive eclipses of the satellite, when the earth is near 
position 1, the earth has moved some 2.84 million miles along its orbit, but gets very 
little farther away from Jupiter. Therefore, the time measured between eclipses gives 
an accurate measure of the satellite' s true period of rotation. 


Three months later, when the earth is at position 2, the situation is quite different. 
Between two eclipses, the earth moves 2.84 million miles, now almost directly away from 
Jupiter. It takes light 15.3 seconds to travel this extra distance, and when the earth is 
near position 2, one revolution of the satellite appears to take 15. 3 seconds longer than at 
positions 1 or 3. Near position 2, every 42 1/2 hours, the satellite appears to fall 15.3 
Seconds further behind schedule. By the time the earth has reached position 3, it is 16 
minutes 20 seconds behind schedule. At other positions along the path from 1 to 2 to 3, 
the period seems to be greater than 42 1/2 hours by amounts less than 15.3 seconds. 

The exact value depends on how far away from Jupiter the earth moves in 42 1/2 hours. 


While the earth is traveling from position 3 to position 4 and back to position 1, one 
revolution of the satellite seems to take less than 42 1/2 hours. By the time the earth is 
back at 1, all the lost“ time has been made up. It is possible, then, to use an average 
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period of revolution of the satellite to predict eclipses. This can be measured more ac- 
curately than a single period of revolution. 


The foregoing analysis does not take into account the relatively small motion of Jupiter 
during the earth’ s revolution around the sun. Jupiter moves around the sun in 12 years. 
Hence, it travels only 1/12th of its orbit in an “earth” year. Jupiter’ s motion does add 
a sizeable correction to the previous analysis, but this refinement does not change the 
general argument. 


Roemer’ s method assumes, among other things, that a moon of Jupiter has 2 constant 
period of rotation. In Part II, students will learn what was known, circa 1676, that led 
to the belief that this period was indeed constant. 
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Chapter 11 - How Light Behaves 
For Home, Desk and Lab — Answers to Problems 


Most of the problems for this chapter are qualitative, and intended more for class” 
discussion than for homework. Problems 1, 7, and 10 should be accompanied by dem- 
onstrations if possible. Problems 11 and 12 are the only quantitative problems; they 
involve kinematics and the speed of light. Problem 9 makes a simple but interesting 
out-of-class exercise. ~ 


The following table classifies problems according to their estimated level of difficulty 
and the sections to which they relate. Those which are especially suited to class discus- 
sion and those which are home projects are indicated. Problems which are particularly 
recommended are marked with an asterisk (*). 


Answers to all problems which call for a numerical or short answer are given following 
the table. Detailed solutions are given on pages 11-10 to 11-14. 


1. Color becomes redder as brightness decreases; flashlight is incandescent. 
2. See diagrams given under detailed discussion on page 11-10. 


3. (a) A black sky, brilliant stars, and a bright halo around a dark earth. 
(b) The sky and stars would be the same; the earth would appear nearly ‘‘full’’. 


Clear water absorbs some light; experiments may by needed. 


Plane reflects sunlight which is coming from below the horizon. 
Light is coming mainly from beyond the cloud, and background of cloud is light. 


SHORT ANSWERS 


A positive image or print. 

Objects at different distances are not focused simultaneously. 

Distance varies; it is about 4 inches for high school students but more for older 
people. 

10. Gray square appears (a) dark gray, (b) green, and(c) very ae gray. 


11. (a) 500 seconds. 


(b 4.1 * 1016 meters. 


(c) Larger unit makes expression simpler. 
\ 


con oon A 


12. (a) 1.6 X 10^? seconds. 
(b 4.0 * 10? meters. 


11-10 
COMMENTS AND SOLUTIONS 


PROBLEM 1 Take a flashlight witha rather old battery, turn it 
on, and observe what happens to the brightness 
and to the color of the light that it gives off as 
the battery grows weaker. Does only the bright- 
ness change, or do the brightness and color change 
together? Is the bulb in a flashlight an incan- 
descent source or not? 


A flashlight bulb is an incandescent source. As the battery weakens, the filament gets 


cooler, the brightness decreases rapidly, and the color becomes redder. 


PROBLEM 2 Remembering that we see the moon by reflected 
light, can you show that: í 
(a) A moon rising in the east at midnight can- 
not be a full moon, 
(b) A new moon cannot be seen for long after 
dark. ; 
Hint: Make diagrams showing the positions. 
of the sun, earth, and moon at different phases 
of the moon. 


This problem is trivial to some students and challenging to others, dependent on their 
previous contacts with these ideas. Be sure that students realize that the sun, the earth, 
and the moon remain approximately in the same plane. 


a) If we look down on the earth and moon from the direction of the north pole, we see: 


| earth 


A man at the position shown sees the moon just coming over the horizon. 
of the horizon out into space is shown as a dotted line. As the earth turns as Shown by 
the arrow, the horizon rotates, and the moon appears to rise above the horizon. Where 


is the sun? Since it is midnight, the sun is halfway between sunset and sunrise and is 


therefore a long way straight down toward the bo 
moon is therefore illuminated as shown. e 


To our man the moon appears to be half illum- 
MM with the bright half toward: the horizon; it is therefore a ri peak and not a ful 


The projection 


b) Later in the month, when there is a new moon, the arrangement is shown below. 


Note that only this sliver of 8 
light can be Been, i.e., the 


Light from the 
new moon. sun which has 
just set. 


j 
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PROBLEM 3- The moon, unlike the earth, has no atmosphere. 
(a) If you were standing on the moon, at a 
place where the earth appeared to be directly over- 
head, what would you see in the sky, assuming 
that the moon is seen as full from the earth at 
the time? 
(b) Answer the same question for the time 
Rn the moon is seen as a new moon from the 
earth. 


This is a problem which involves a number of concepts in light propagation. It would 
make a good class discussion. 
a) ; a 
earth pi sun 


moon 


© scattered 


light 


The man on the moon would see a black sky since the blue of our sky is light scattered by 
the atmosphere. The stars would be brilliant. If the earth were exactly on the line be- 
tween the moon and the sun, the moon would be in eclipse as seen from the earth, i.e., 
the moon would be in the earth’ s shadow. It would not be completely dark on the moon 
because the earth’ s atmosphere would scatter light around the earth to the moon. (Have 
you ever seen the moon in eclipse? It does not completely disappear.) The earth would 
thus appear as a dark ball surrounded by a brilliant ring of light. This is not the same 
as the sun’s corona seen during a solar eclipse. 


If the moon were not eclipsed but only ‘‘very full’’, the sun and earth would appear 
side by side in the sky. If the man shielded his eyes from the brilliant light of the sun, 
he could presumably see a bright sliver of earth on the side toward the sun (a ‘‘new 
earth'' instead of a new moon), and the bright ring of light around the earth due to scat- 
tering of light by the earth’ s atmosphere. Remember, there is no blue sky“ on the 
moon. 


b) The observer on the moon would see the earth as nearly full“. The diagram for 
Problem 2b would be appropriate. 


PROBLEM 4 We have seen that glass, although transparent, 
does not transmit all of the light that enters it, 
some of the light being absorbed. Is this also 
true of clear water? Be prepared to discuss what 
evidence you would look for to support your 
answer, 


All known substances absorb some light. Pure water does not absorb much. Deep in 
the ocean it is dark; even deep in the water of a sun-lit swimming pool the light is greatly 
reduced. The absorption of light in these cases may be due to impurities, so that an 
answer from common experience may not be a good one. If ''clear'' water is interpreted 
as pure“ water, a careful measurement with distilled water would be necessary to 


support a conclusion. 
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i i he sky 
Occasionally one sees an airplane in t $ 
e shortl pron or shortly before sunrise andis 


tised to see it appear to be very bright, more 
ikoa star or Sancta like a plane as seen an 
daylight. Can you explain why this happens? 
Hint: Draw a diagram showing the earth, the 
sun, and the airplane. 


in Problem 2, and the 
uld be very nearly like that for the new moon, : 
Latta a Boe SR a plane the same. Against the darkening background of the evening 
sky, the plane reflects sunlight to the observer. 


~ — horizon 
Sea ada c a 


— 
sunlight reflected ~~ sunlight 
off the plane "s £M 


LÀ 
PROBLEM 6 Fig. 11-12 shows clearly that smoke scatters light 
toward our eyes, even though the light was orig- 
inally traveling in such a direction that it would 
not reach us. In view of this, why does a dense 
cloud of smoke overhead appear dark, rather than 
light? Write briefly. Be prepared to diseuss. 


Whether something appears light or dark depends both on the sources of illumination 
and on the background against which the object is seen. Thus the smoke of Figure 11-8 
appears bright against a dark background. The same smoke, however, absorbs some 
of the light hitting it. If smoke is illuminated from behind, it will then absorb some of 
the light and appear darker than its background. (Most smokes are carbon smokes, and 
therefore black. Even cigarette smoke is quite dark, though it is so fine that it is an 


excellent scatterer of light, and hence often looks light blue. Most white industrial 
‘‘smokes”’ are steam.) 


PROBLEM 7 We have seen that when light from a white object 
falis on a photographic film it produces a deposit 
of black silver after development. This results 
in the familiar negative image on the film. If you 
shine light through the negative onto another 
photographic film, after development what kind 
of an image will you havc? 


if possible. 


y allowing light to pass through the negative to 
c paper. The two should be in contact to avoid blurring 


| 


| 
| 


PROBLEM 8 


This demonstration problem is intended to show students that their eyes are optical 


One of the remarkable properties of the eye is 
its ability to adjust so that objects at different dis- 
tances are seen clearly. To demonstrate this, 
place yourself about 3 or 4 feet from a window 
and concentrate your attention on the window 
itself. You will find that the window is seen very 
clearly, that the lines where the glass meets the 
frame are seen sharply, and that even such details 
as spots on the glass are apparent. Still con- 
centrating your attention on the window, note the 
appearance of objects in the distance, outside. 
Are they sharp or fuzzy? Can you observe their 
details? Next, concentrate your attention on the 
far-away objects until you see them sharply. Can 
you now see the details of the window clearly? 


instruments which must be focused. 


Most students will readily believe that near and far objects cannot be seen sharply 


simultaneously. However, to a few students this will be a surprise. 
consciously thought about focusing their eyes. 


They have never 
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Some students may not be able to see this 


effect because they refocus their eyes very rapidly and effortlessly. You might ask them 
if they can simultaneously focus on the detail of a finger held a few inches from their eyes 
and read the print from a page a foot or so away. — 


PROBLEM.9 


Move this book toward you, with one eye closed 
or covered. When the book has just reached the 
point at which the print blurs, have somcone 
measure the distance of the book from your eye. 
Repeat the experiment with the other eye. Are 
the two distances approximately equal? Try this 
with a few people of different ages, and record 
the results along with their ages. 

(a) Is there a limit to the ability of the eye to 
adjust itself for clear vision? 

(b) Is this limit the same for all persons, or for 
the two eyes of any one person? 

(c) Does it vary, in general, with the age of the 
person? Compare your answers with those found 
by other people in the class. 


This problem again brings to the student' s attention the fact that he must focus his. 


eyes. 


The shortest distance for clear vision is about 4 inches for high school students, and 


may be several feet for older persons. 
not in all cases. 


Information on the Eye (at the back of this volume), for additional details. 


Usually the two eyes are more or less alike, but 
The distance varies with eye fatigue. See Appendix 5, Supplementary 
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It was stated in Section 11-2 that color is a com- 
PROBIS plicated phenomenon, depending on many factors, 
not just on the kind of light reaching a surface 
and on the nature of the surface. You can readily 
convince yourself of this. Cut a small square of 
i light gray paper or cardboard, about 1 inch on a 
side, and place it in the center of a large piece of 
white paper. View, it from a distance of about 
2 feet and under bright illumination. 

(a) Describe its color and brightness. 

(b) Move the gray square to the center ofa large 
piece of bright-red paper and view it under the 
same conditions as before. Again describe its 
color and brightness. Are they the same as be- 
fore? : 

(c) Finally, move the gray square to à piece of 
black paper. What happens now? 


This laboratory problem tests some of the properties of the eye. It is fun but not fund- 
amental. For most people the gray square appears black or dark gray on a white back- 
ground, green on a red background, and rather light gray on the black background. 


PROBLEM 11 (a) How long does it take light to reach the earth 
from the sun? 
(b) If the light from the nearest star takes 4.3 
years to reach us, how far away is the star? 
(c) Why is it convenient to express distances to 
stars in terms of light years, rather than in meters, 
kilometers, or miles? 


a) The distance of the earth from the sun is about 1. 5 X 10! meters. 


(od. . 810 m 
v 


3 X 10? m/sec 


b) 4.3 light years can be expressed as 4.3 years X 365'days/year X 24 hours/day X 
3600 sec/hour X 3.00 X 10° m/sec = 4.1 x 1016 


= 500 seconds. 


meters = 2.5 X 199 miles. 


1012 
4 0 iis year which is 5.89 X 10 ^ miles is convenient as a unit because the dis- 
d ae € 5. dedica om FD easily expressed in these large units than 
B. 8 simil 
the distances between cities in miles rather than in ieee a 
PROBLEM 12 Radio waves travel at 
= the ight i 
00 Ka ehh same speed as light in 
a) How long does it take a radio signal to 
travel from New York to S rore di 
0 of about F 
; radar transmitter, which send: i 
signals of a particular type, Superi. 
Moon receives a reflection 2.7 s^c after the signal 
Ts sent. What does this experiment give as the 
distance of the moon from the earth? 


a) ted. 4:8%10° km x 10% m/km 1 gy 90-2 
3x 108 m/s I seconds, 


b) The total light path d is d = vt = 8 m/sec sec = 
; vt=3X10 X2.7 
distance to the r 1 8 
moon is 2. 0 4.0 X10 


A 


8.1 * 108 meters. The 
meters. 
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Chapter 12 - Reflection and Images 


This chapter discusses the straight line propagation of light, ray diagrams, the laws 
of reflection, and image formation. Two simple concepts, straight line propagation and 
the laws of reflection, summarize a vast amount of experimental observation. Students 
will have to know this material well in order to understand Chapters 13 and 14. 


CHAPTER SUMMARY 

Section 1 uses the straight line propagation of light as an aid in analyzing shadows. 
This gives students experience in using ray diagrams before the complications of reflec- 
tion and image formation are introduced. 


Section 2 explains the idealization of a light ray, and justifies the use of ray diagrams 
by pointing out that crossing light beams do not affect one another. 


Sections 3 through 5 are best treated as a unit so that students get a coherent picture 
of the formation of images by plane mirrors. Section 3 shows how, in principle, we can 
determine the position of an object by the light rays from it. Section 4, introduced by 
Experiment II-1 (Reflection from Plane Mirrors), discusses the laws of reflection. Fin- 
ally, Section 5 makes use of both these ideas to discuss what we see in a mirror in terms 
of the concept of an image. The idea of how light rays are used to locate an object and 
hence an optical image of that object, is extremely important for the understanding of this 
and subsequent chapters. The laws of reflection are also of utmost importance and serve 
as one of the finest illustrations of the way in which a simple law can explain great amounts 
of information. 


Section 6 shows how a combination of plane mirrors can be used to obtain focusing. It 
then introduces the parabola as that surface which provides perfect focus for incident light 
parallel to the axis. Preliminary to image formation in Sections 8 and 9, this section lo- 
cates the path of rays-reaching the mirror parallel to the axis. 


Section 7 by introducing the reversibility of light, extends the ideas on the parabolic 
mirror to include its use as a searchlight. Preliminary to image formation in Sections 8 
and 9, this section locates the path of rays reaching the mirror after having passed through 
the principal focus. 


Sections 8 and 9 together show how concave mirrors produce images. In Section 8, the 
focusing of non-axial, parallel light is described. Although the discussion centers on as- 
tronomical telescopes, the main idea is that concave mirrors form images of points by 
concentrating light at points. This sets the stage for Section 9 in which real images are 
discussed in some detail. 


Before Section 9 is studied, students should see the effects in laboratory. Experiment 
II-2, or at least parts of it, should be done at this stage. Students should then study and 
discuss image formation by concave mirrors. Teachers should stress ray diagrams and 
their usefulness, even when mathematical analysis is to be used for precision. 


Section 10 summarizes some information on real and virtual images. 


SCHEDULING CHAPTER 12 

In terms of ideas, both the laws of reflection and image formation are extremely im- 
portant. However, the laws themselves do not take much time to develop. Their under- 
lying importance can be communicated best by having students draw a ray diagram with 
a curved mirror, using arbitrary rays and the laws of reflection rather than special rays 
which eliminate the need for constructing an angle of reflection equal to the angle of in- 
cidence. 


On the other hand, ray diagrams, the location of the apparent origin of a group of rays, 
and image formation all require some explanation and practice. 


If you are rushed and must hurry through some parts of the material, stress ray dia- 
grams rather than formulas. Be sure that students never lose sight of the laws of reflec- 
tion even if you have to treat more lightly such topics as parabolic mirrors, searchlights, 
beams and pencils, etc. 
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The following table suggests possible schedules for this chapter, 
Schedules outlined in the summary section for Part II. 


consistent with the 


9-week schedule 
for Part II 


RELATED MATERIALS FOR CHAPTER 12 


Laboratory. Experiment II-1 - Reflection from a Plane Mirror. In this experiment 
Students locate an image in a plane mirror. Rays are defined by sighting along pins stuck 
into soft cardboard. 


The equipment for this experiment is very simple and might be distributed in your 
regular classroom with this laboratory providing the basis for an immediate class discus- 
sion. It should be performed rather early in the Study of the chapter, most desirably 
right after Section 3. 


Experiment II-2 - Images Formed by a Concave Mirror. The focal point of a small 


concave mirror is determined. A small bulb is used as an object and the position of the 
image determined by parallax. After several object distances are used, the formula 


88 = é can be verified. 
This experiment is best performed just before the discussion of Section 9. Concave 


mirrors might be distributed to the class much earlier to hel 
p ensure that students have a 
concrete basis for understanding Sections 6 through 9. See yellow pages for suggestions. 


Home, Desk and Lab. The following table classifies problems according to their esti- 


are marked with an asterisk (*). Answers to prob 
Short answers on page 12-21; detailed comments 


Medium Class Discussion 
5 
. 


particularly to this chapter. 


2 


Eilms. 


None of the Pssc films relate 


Ame) 


— 
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Section 1 - Shadows 
Section 2 - Light Beams, Pencils, and Rays 


PURPOSE To introduce the ray diagram as a useful technique for understanding effects 
caused by: light. 


CONTENT a. The gradations of darkness in a shadow can be understood in detail by 
drawing rays from the light source (or sources) to the shadow. z 


b. Light rays are idealizations of very narrow pencils. 


c. Because beams of light are not affected when they cross other beams, individual 
rays can be traced independent of other rays. 


EMPHASIS Ray diagrams are basic to the later sections of this chapter and to Chapters 
12, 13, and 14. Shadow formation, in itself, is not so important, but it is a good, simple 
introduction to the use of ray diagrams. Section 2 requires very little class time because 
students will learn to use ray diagrams easily even if they are not aware of the exact sig- 
nificance of a ray; that crossing rays do not affect each other is a natural assumption that 
can be simply noted in passing. 


DEVELOPMENT Demonstrate and Analyze Shadows. 

A. Most students will be helped by having a little supervised practice with very simple 
“ray diagrams’’ before they cover the material on image formation. Furthermore, with 
your aid, many students will be excited to find themselves able to recognize and to under- 
stand new details in something as common as shadows. 


1. First show students a sharp shadow which most of them understand easily. You can 
easily form a suitable shadow by using a small light source in a darkened room. A clear 
glass lamp is a suitable source. The light source for the ripple tank is excellent. (Famil- 
iar classroom examples occur when someone walks into 4 movie projector beam, or if an 
object such as a hand, interrupts a small stray light leak from a projector.) You might 
want to use some special cutouts, or your fingers to produce interesting or amusing shad- 
ows. Analyze this simple arrangement by sketching on the board, showing some illustrative 
light rays. 


2. Next show a shadow which is fuzzy; the students will be less certain about these. 
(Shadows cast with light entering the classroom windows or coming from ceiling lights are 


usually unsuitable because they are completely fuzzy and have no dark core.) Produce a 


Shadow with a large light source in an otherwise darkened room. A long fluorescent light 
produces an interesting case, a sharp shadow in one direction and a very fuzzy shadow in 
another. Be sure that students see that there is a dark core and that the surrounding re- 
gion is not uniformly gray but has gradations of illumination. Draw the appropriate dia- 
gram. Use rays to decide, for several points in the shadow, which regions of the source 
contribute light. 


3. Ask the students to predict, and then have them observe, the effects of moving the 
source, or the obstacle, or the screen. You might also want to use several light sources 
first alternately, and then together. 


Before you demonstrate these effects you could ask the class to describe the successive 
Shadows formed by automobile headlights as the auto approaches a pedestrian at night. 
When the car is far away, the shadow is quite sharp. However, as the car approaches, 
two separate shadows are formed by the two headlights. At the same time, each of these 
shadows begins to have the structure of a dark core surrounded by regions in which there 
are gradations of illumination. 


B. In order to summarize the observations and to be sure the class understands 
shadow formation, you can discuss HDL Problem 1 in class. Students should be able to 
Suggest that a sharper shadow can be produced by increasing the distance from the light 
source or by reducing either the size of the light source or the distance between the ob- 
stacle and screen. If some students seem uncertain, go over the appropriate ray dia- 
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d then to 
ch determine the size of the fuzzy region, an i th 
pucr. Mr REUS anie which can contribute illumination to seve ral of 
Show, 
the points in this fuzzy region. 


ain fixed 
what happens when the source and screen remai 
180 55 E aS but My more complicated pattern will be seen if 


screen 


obstacle -s7 “fuzzy” 
source zone 
3 ae i 
screen 


students look at shadows of their hands while moving them closer to the desk. 


Note that with a single light source, such as in the diagram above, the sharpening re- 
sults from the decrease of the fuzzy zones. However, often there are several light sources 
(or sources of stray light) which contribute stray light even though there appears to be a 
Single major source. As an obstacle approaches a screen the stray light is decreased 
tending to produce more contrast between the shadow and its surroundings. 


Non-interaction of Light Beams A. Ask students what Figure 12-4 indicates and ask 


about the relevance of this to ray diagrams. Most students realize that light beams cross 


one another without interacting, but some may not appreciate that this lack of interaction 
is continually assumed when ray diagrams are drawn. 


B. Ask students what would happen if the two beams of white light in Figure 12-4 were 
replaced by a blue beam and a yellow beam. You will probably find that some students ex- 
pect an interaction; a few expect the beams to become greenish. It may be worthwhile to 
demonstrate crossing colored beams to help convince them. However, you should also 
ask for other possible experiments. If no student suggests merely looking at two colored 
objects side by side, ask the class to consider a yellow marble and a blue marble that 
are next to each other. 


Some students should be able to int out that the differently color- 
ed light beams maintain their color despite the f: 55 : E 


act 
and within, the eye. that they cross both on the way to, 


COMMENTS Some Terms Are Used 
qualitatively and therefore no s 
and ‘‘pencil’’ 


Shadows Do Not Involve 
rile pre ee Dm the qualitative description of diffraction in 


Some students may be inclined to think of dif- 


— 
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fraction in connection with fuzzy shadows. They may need to be reminded that, on the 
scale with which we are dealing, diffraction is a small-scale effect and can be neglected. 
Unless students raise the issue, do not mention diffraction here. 


Note: Problem 21 contains, in addition to the suggested project, two simple applica- 
tions of ray diagrams. You may want to use these parts to see whether the students can 
generalize their knowledge gained trom shadows, or from Problem 2, tc a slightly different 
geometry. 


QUIZ PROBLEM Variations of Problem 2 or Problem 21 would make suitable quiz prob- 
lems. Here is another suggestion: 


1) Two street lamps, 20 feet above the Re 2 
ground, are placed 15 feet in front of the 
ends of a brick wall, which is 20 feet long 
and 10 feet high, as shown. Show the re- 
gions of dense shadow and partial shadow. 


Solution: BCEF is dense shadow. 
ECD and ABF are partial shadows. 


Section 3 - How We Locate Objects 


PURPOSE We locate an object visually by noting the point from which light rays come. 
This almost obvious idea is emphasized in this section, because in Section 5, and in later 
chapters, this method will be used to locate optical images. 


EMPHASIS This idea is very important, not for teaching how we locate objects, but for 
preparing the way for locating optical images by ray diagrams. 
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DEVELOPMENT a. Give studente simple examples of pairs of diverging rays and ask 
them to locate the points from which the rays come. 

b. Ask them to fill in additional rays that would come from the same point. 


c. Are two rays enough to locate a point? They are, but a third ray makes a good 
check. A surveyor locates an object by two sightings, but often uses a third for a check. 


d. An interesting variant which prepares 2 
the way for extended images in mirrors ad 
might be: The dotted rays come from a Lp” 
man’s head, the solid ones from his feet. 7 
Is he standing up or lying down? — 


Extending the rays to this point of inter- 
section shows he is lying downt 


adjustment of the eye that is 
You can merely add that this ad- 


. Stero such a8 stereo vision and apparent 
vision is based on the fact that the two eyes get two slightly different views of 
like, give a good indication of where the object is. prior knowledge of what the object looks 


: ealize ok if you remind them of how 
appear dist painting. Gradients of texture the ‘‘nubbi- 
tance 18 not as “green” because dt f ), and gradients of color (green foliage at a dis- 
Perception. You and scattering), as well as other factors also 
will come up again in Chapter 14 in need not discuss angular size now, because it 
connection with Judging distance ig n Problem | 3 — ilusion 


they get an impression of depth in a picture o 


Section 4 - The La 
PURPOSE To Ee WS of Reflection 


the two laws 
CONTENT a. When i of reflection. 


the incident cht is reflected, the reflected 
reflection, 5 


x je ray lies in the plane defined by 
rmal Tpendicular) to the reflecting surface at the point of 
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thoroughly. However, they will require only a moderate amount of class time if the class 
is facile in the earlier work on tracing rays back to their source, and since the required 
practice will recur throughout the chapter. It will speed progress in Chapters 12, 13, 
and 14 if you devote some time to the significance of the normal, and to the definitions of 


angle of incidence and angle of reflection. 


DEVELOPMENT If your students have already done Experiment II-1 on images in plane 
mirrors, this work can be introduced as an explanation of the formation of such images. 
You can also get them to formulate the second law of reflection (equal angles) by tracing 
one of their experimental light rays from the object pin to the mirror and back to the 
sighting pins, and noting the equal angles of incidence and reflection. 


Initially, you can define specular reflection as the type you get from a Shiny surface, 
such as a mirror. Surfaces having varying degrees of smoothness give varying amounts 
of specular reflection. No real surface gives entirely specular reflection because no 
surface is ideally smooth. 


Once the discussion is confined to specular, or regular, reflection, students can follow 
the development of this section easily, but there is one detail that needs attention. Students 
should distinguish carefully between the angle of incidence (the angle between the incident 
ray and the normal) and the complement of the angle of incidence (the angle between the 
incident ray and the reflecting surface). Because of the two-dimensional drawings they 
use, some students may feel that it is more natural to measure the angle from the incident 
ray to the surface of the mirror. You can show why this is not desirable by using a three- 
dimensional exercise: 


1. Assume the blackboard to be a mirror. 


2. Use a meter stick or pointer to represent an incident ray. Let it touch the black- 
board at an angle to the normal. 


3. Put a chalk mark on the board at the point of incidence. 
4. Have a student hold another stick to represent the reflected ray. 


5. Using the same point of incidence, change both the angle of incidence and the plane 
of incidence by changing the direction of the ‘‘incident ray". Ask the student for the corre- 
sponding ‘‘reflected ray’’. 

After you use several ‘‘incident rays“ ask students what one line will locate both the 
plane of the reflected ray and its exact direction for all rays incident at one point. This 
convenient line is the perpendicular to the reflecting surface at the point where the inci- 
dent ray strikes; it is the normal“. Despite your three-dimensional arguments, some 
students might privately continue to use the complement of the angle of incidence, be- 
cause they can locate it more easily on their two-dimensional drawing, and because they 
realize that it does not change the result. Discourage this because these individualists 
will be quite confused later by the laws of refraction. 


QUIZ PROBLEM See Section 5. 


Section 5 - Images in Plane Mirrors 
PURPOSE To indicate what an image is, and to analyze geometrically image formation 
by plane mirrors. 
CONTENT The image of a point in a plane mirror is located at that position from which 
the light rays seem to come. E 
The image of a point seen by reflection in a plane mirror can be located as follows: 


(a) Construct the perpendicular from the point source to the mirror, extending it behind 
the mirror. (b) Mark the point on this extended perpendicular which is as far behind 
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the mirror as the source is in front of the mirror. This point is the image of the point 
Source. 


The position of the image is determined uniquely by the laws of reflection 


EMPHASIS Stress the idea of an image in a plane mirror. Do not dwell on systems which 


involve several mirrors at angles, except as optional laboratory exercises for students 
who are not otherwise challenged. 


DEVELOPMENT Some teachers have fo 


und that it is helpful to conduct the discussion of 
Sections 4 through 10 in the laboratory, 


building the discussion around Experiments II-1 
and H-2. The sequence of ideas, from the location of objects by rays (this can be done 
by lining up pins on an object pin) through the laws of reflection, to image formation ina 
mirror, lends itself naturally to laboratory development. 


Naturally, it is also possible to formally separate discussion and laboratory. In this 
case try to schedule the laboratory before discussion. In either case, as a useful detail 
of technique, it will be helpful to make sure students understand the method of parallax 

in locating images because the method is used in later experiments. 


If students are shaky about the backward extension of diverging rays to their point 
Sources (which was stressed in Section 3), 


they may need a review before you discuss 
image formation in more detail. Here are some suggestions. 


(You may foster interest by presenting 1 
this as a puzzle.) Draw a few diverging 
rays similar to these: 2 
E 
4 
Ask the class for the minimum number 
of Sources of light from which- ` : 


these rays could originate. \ E. 


E wv 


In an actual case each light source at any location would produce many more than two 
rays and no ambiguity would remain.) 

A final step which can be used effectively RI a er 
would be to put on the blackboard a key pm 

diagram like this: object e« = xu ci MEET 


2 


IN 


Now ask whether the object had to be 
at that location or whether rays 1, 2, and 
3 could have come from a mirror. Draw 
in a mirror, and ask a student to use the 
Jaw of reflection to draw in the incident 
ray which must have produced ray 1. Do —-- 
the same for ray 2 and ray 3. e e 


T 


2 
With the mirror present, what one 
point source might produce these rays? 
If you don’t know the mirror is there, 3 


and you look at the rays, where do you 

think they come from? Stress the con- mirror 
cept of an image point which corresponds 

to some object point. You may want to review, briefly, the proof given in Section 5. Many 
of the students can follow this easily, but a few need help. 


COMMENT While both the terms ‘‘virtual image’’ and ‘‘real image’’ are introduced in 
this section, it will be better to defer a discussion of real images. It is enough if students 
know that the image formed by a plane mirror is called virtual“ because the light does 
not really diverge from the image. There is no light behind the mirror. If a student asks 
how an image can be other than virtual, you might give him the example of the image on 

a movie screen and tell him that the subject of real images formed by concave. mirrors is 
the next topic. You can tell him that an image is real if the light rays really do diverge 
from the image. 


QUIZ PROBLEMS 


1) (This one is trivial, but may help A 
some students get the point.) Hunters A 5 
and B have their rifles pointed as shown. 

If they are aiming at the same deer, where 
is the deer? 


Sane 
B 
Solution: Extend the lines of sight (rays) Sine Wia 
to the point where they cross. There is A 5 
the deer! me OS 
-— TR 
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2) Two mirrors meet at right angles. 
A ray of light is incident on one at an 
angle of 30°. What will be the subse- 
quent path of the light ray? 


Solution: No matter at what angle a ray 
hits a pair of mirrors at right angles 
it will be reflected back parallel to its 


incoming path. 


3) A man stands at M just to one side 
of a plane mirror AB. Can he see him- 
Self in the mirror? Can he see objects 
(1), (2), and (3)? 


Solution: He cannot see himself. He 
cannot see (3) since no ray can be drawn 
from 3 to M which obeys the laws of 
reflection. He can see (1) and (2) by 
means of the rays shown. 


4) a) Find the position of the image 
of O in the plane mirror AB. 


` b) Can a man at M see this image? 


c) When the man moves from M to 
N where does the image of O move? 


Solution; a) as shown at O 


b) Yes, since light can go from O to 
Pto M. Another way of seeing this is 
bis the line MPO' passes through the 

rror. 


c) This is a trick“ question. Only 
O and the mirror determine the position 
of O’. O' does not move. 


30° 
a 
a“ 
e : „2 
M 
A EZZZZZZZZZZZZZZ2B 
M 1 
1 
| à 
1 
LI 
1 
e 
M 
Oe 
. 
N 
A EZ7777777777777772 B 
M 
O 


image of O 0 


7 
* 


3 
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5) Can A’B’ be the image of AB in any A B 
plane mirror? Prove it. eS Se = 


Solution: If A’ is image of A, the mirror 


must lie midway between A and A’. Like- A eB 
wise it must lie midway between B and B'. ` >Q 
The mirror must thus lie along PQ. But 808 B’ 
then AA’ is not perpendicular to PQ and PR 

hence A’ cannot be the image of A. A’B’ s 


cannot be the image of AB. 


Section 6 - Parabolic Mirrors 


PURPOSE To build up, from plane mirrors, a ‘‘curved’’ mirror which can focus light. 

To point out that the laws of reflection apply to curved mirrors as well as to plane mirrors. 
This section provides the knowledge that the ray parallel to the mirror' s axis is reflected 
through the principal focus. This provides one of the bases for the location of images 
(Sections 8 and 9) produced by parabolic mirrors. 


CONTENT a. A combination of small plane mirrors can be oriented so that each small 
mirror sends a small beam across the same region. 


b. This region of concentration can be sharpened by using smaller mirrors which are 
oriented properly. 


c. Continuing and idealizing this process (successive subdivision and reorientation) 
leads to the ideal surface for the focusing of parallel light. A cross section of this surface 
is called a parabola. 


d. The point at which a parabolic mirror concentrates parallel light is called its prin- 
cipal focus. 


DEMONSTRATION AND DEVELOPMENT 

If you have pieces of plane mirror of Visit ug conde 
convenient size, you can reinforce the text / 
discussion by demonstrating the construc- } fi: a i E 
tion of an approximately parabolic mirror student giving ~ 
“by eye". Arrange the small pieces in V. Ufocus Ter Muctiong 
the form of a crude parabola about a 2 
nearby focus. Attaching the small 
mirrors with rubber bands to a soft 
aluminum strip might facilitate this procedure. Put a small, bright source (a flashlight 
bulb works well) at the intended focus. One student stays at the table with the mirrors to 
make adjustments and another student places himself, say, twenty feet in front of the mir- 
ror and gives instructions. The distant student looks at the small mirrors one at a time 
and calls instructions until he sees the source in the center of each section. A surprisingly 


accurate parabola can be constructed. 


DEVELOPMENT This section, while simple, is important to an understanding of what a 
curved mirror does. Studying the ‘‘two-dimensional’ ’ parabolic cylinder (such as Figure 


12-12 
12-15), before dealing with three-dimensional cases (such as Figure 12-14), will help 
students understand the geometry of reflection by a parabolic surface. 


If students seem unsure of what is illustrated in the figures, you may want to make a 
blackboard sketch of Figure 12-15 as it would be if seen from above. 


region of 
— — concentration 
or approximate 
focus 
== Yy 
Ml 
— tl 
— WL 8 
TE DIDI Dd S " 
—— ee C 
—————— 
————— at 
— ———— ad 
— M ——— a 
—  ÓÓ— B 
— 


Students can examine this figure using the laws of reflection and consider what happens to 
the region of light concentration as the angles of the side mirrors are changed. 


As more, smaller plane mirrors are used, the region into which light is a concen- 
trated can be made smaller until, with a perfect parabolic surface, a point of light is pro- 
duced. Students should remember that, with a parabolic cylinder, the reflecting surface 
is curved only in one direction (like the concave surface of a stalk of celery). Hence, 
parallel light is focused to a line, not a point, in space. 


COMMENTS For a curved mirror to have a single point as its principal focus, its sur- 
face must be a paraboloid of revolution such as is approximated in Figure 12-14. Students 
will be helped if you distinguish between cylindrical and surface- of- revolution“ mirrors, 
even though cylindrical mirrors or lenses rarely enter the subsequent study. The distinc- 
tion is worth making because, in looking at a cross sectional diagram, some students 
'*gee"' only a cylindrical surface. 3 


It is of critical importance for entirely inexperienced students to have at least a brief 
ee pi in mae 5 of the material, to see and handle curved mirrors. They 
en r unders the pictures and diagrams in the text. If 
see both spherical and cylindrical mirrors. Te COSS ed i". 


camera is pointed appear to 
8 line of sight. 


CAUTION Probably few of your students will hay : 
e seen the equation fi . There 
M 7 need E an it. Most will be willing to accept the focusing RU el ike ced 
48 a definition of the curve. Indeed this is a complete and adequate definition. 
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Some students may know that a para- 
bola can be defined as the curve made of directrix 
points which are equidistant from a point 
(the focus) and a line (the directrix). 


focus 
for every point on 
the parabola, these 
two distances are equal 
Other students may know it as a conic 
section. cut parallel to an edge 
(generatrix) 


i 


The focusing properties of the parabola (defined in either of these ways) can be proved, but 
the necessary mathematics is too difficult for most students. f 


QUIZ PROBLEMS See Section 8. 


Section 7 - Searchlights 


PURPOSE Noting the reversibility of light paths, we observe that a ray which passes 
through the principal focus before reaching a parabolic mirror, is reflected parallel to 
the mirror’ s axis. This is one of the bits of data that will be used in locating images. 


CONTENT a. Since a parabolic mirror focuses parallel light, and since light paths are 
reversible, a light source placed at the principal focus of a parabolic mirror produces a 
parallel beam. 


b. Definition of f, the focal length. 


COMMENTS This section and the one that follows (Astronomical Telescopes) are intro- 
duced at this point to give the student practice in analyzing simple cases of reflection in 
parabolic mirrors. Together, these sections illustrate the approach which can be used 
in the more complex examples of image formation. 


The important material of this section is not new-to the student. Many students would 
be able to figure out before reading this section that a light source at the focus of a para- 
bolic mirror would give a parallel beam. However, it is worth stressing the behavior of 
the rays which enter this problem because they will be key rays in locating images. Be 
sure that all students realize at this stage that: parallel rays, traveling parallel to the 
axis, are reflected through the principal focus. Rays traveling through the principal 
focus will be reflected parallel to the axis of the mirror. 


It is enough if students understand the theoretical notions behind the use of a parabolic 
reflector in a searchlight. Since the source jn a practical searchlight is not a point, since 
it is not economical to build perfect parabolas, and since attention must be given to cooling, 
sealing against weather, and the like, the actual design of a searchlight is a complicated 
compromise with which we are not directly concerned. 


DEMONSTRATION Probably the best way to demonstrate the principle of the searchlight 
is with a good quality ‘‘focusing”’ flashlight. When the lamp filament is close to the prin- 
cipal focus, a narrow parallel“ beam results. 
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an point out that turning the reflector assembly on its screw thread moves it 
sees or anther from the 85 filament. Most such flashlights, when directed to 
a nearby surface, can be adjusted to produce a ‘spot’? smaller than the diameter of the 
reflector. You might start with this case, and adjust the flashlight to give various sizes 
of spots. Ask the students how they can tell when the lamp filament is at the principal 
focus. Some, using the sharp focus is always best’’ principle, will answer incorrectly 
“When the spot is as small as possible". If you get the small spot“ response, see if 
there is any argument. If not, ask whether a parallel beam from the mirror ought to 
produce a spot larger or smaller than the reflector. Someone will come through with 
“Tt should be the same size’’. You are now ready to go quickly to Section 8. 


You may be tempted to demonstrate the searchlight principle with a good mirror. If 
so, be careful not to discuss image formation until the searchlight is understood. 


QUIZ PROBLEMS See Section 8. 


Section 8 - Astronomical Telescopes 


PURPOSE The astronomical telescope is introduced to illustrate the formation of an 
image of a point source by a parabolic mirror. Consideration of images of point sources 
which are both on and off the axis of a parabolic mirror helps in analyzing the formation 
of images of extended objects. 


CONTENT a. Parabolic mirrors focus parallel light even though it approaches the mirror 
at an angle to the axis. 


b. The image can be located by tracing any two rays. Two particularly convenient rays 
are; 


1. The ray that travels through the principal focus (which will be reflected parallel 
to the axis), and 


2. The ray that strikes the vertex of the mir 
AME Seen ror (convenient because the normal is 


EMPHASIS This section is particularly important because it introduces principal rays. 


COMMENTS In this section, students are introduced to real ima; 
„ ges without being told 
80. It is probably not worth mentioning this until near the end of your * when 
2 can say that mo point at which light from a star is focused is a real image of a distant 
pol 4 P It d 28 ee es es rays which form the image really pass through the 
: nsitive device placed at 
of tissue paper held there would pri tenira * 


lence of tracing the ray that passes through the 
principal focus is easi] s 
tay sd W . dec Zeca ictum Ask a student to Mire low e M 
« y have general understanding by stud f 
that, after a tangent and normal are drawn "i the mirror — — 
i at a given point 
ray reaching that point is as convenient as the sd . Qu eas 4 ; fan 


The one new idea in this section is that 1 : 
an angle to the axis is (almost) focused. „ a parabolic mirror at 


axis and for light at an angle to the axis, two 
H star 
eously with an astronomical telescope. If light idis wes 


small angle with the axis, the f. : 
it would be for axial light. gin NOSE 


The mention of telesco 
struction, mounting, and Eee d 
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not afford the time. There are references listed on page 209 of the text as well as con- 
ventional encyclopedia articles. Perhaps you can arrange an out-of-class visit to an 
amateur astronomer (after you have covered Chapter 14 which includes refracting tele- 
scopes). 
QUIZ PROBLEMS 

1) Plot a parabola from the equation 


y= kx (or trace one), ditto it, and (1) 
have students trace a few parallel rays 2 
by drawing tangents to the curve and (2) 
applying the laws of reflection directly. (3) 
If done carefully this can be very in- 

structive. 


a) Give them the parabola ABC and 
the three arrows (1), (2), (3) and ask them 
to trace the path of these rays--as is done above. 


b) Have them continue the rays on through the focus. With a second reflection the rays 
will go back out parallel. This, of course, illustrates the searchlight principle. 


2) It may be instructive to have the students repeat (1a) with a circle instead of a para- 
bola. The rays no longer exactly focus, but they nearly do if they are near the axis. 


3) The light from a small flashlight bulb falls on a curved mirror. What is the shape 
of the curve such that the light is focused back on the bulb itself. 


Solution: A sphere centered on the bulb. If the students understand the action of a curved 
mirror, the answer is rather obvious. There is, however, no simple way to derive it. 
Once guessed, the answer is easily seen to be correct. 

4) Another problem that tests your students' feeling for reflection with curved mirrors 


is to ditto a parabola as in suggestion (1) and show parallel light incident on the convex 
surface. 


0 


a) Have them trace the rays. 
b) From where does the reflected light appear to be coming? 
Solution: (o Ree a 


TT PE IEGES 
ray to trace 


M 


a) Extend the ray from A to where it hits the surface at B. Erect the perpendicular 
to the surface BP. Construct the reflected ray BC so that Z CBP - Z ABP. Repeat for 
any other rays called for. 


b) The light appears to be coming from the focus of the parabola. Consider the ray 
MN and its reflection NO. Consider also the ray M’N and, if the parabola were silvered 
on the concave surface, its reflection NF, F being the focus. By the laws of reflection 
MNS = Z FNS, since we know that a parabola focuses parallel light. 

MNT =I MNS. Therefore, since Z ONT = Z TNM = Z SNF, FNO isa straight line 
and the reflected ray NO appears to come from the focus. Obviously the students are 
meant to get the answer somewhat more intuitively ! 
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Section 9 - Images and Illusions 


PURPOSE To develop a detailed understanding of the images formed by parabolic mirrors 
(and spherical mirrors). 


To use ray diagrams and geometry (not formulas) to find the relationship between ob- 
ject size location and the image size and location. 


CONTENT a. Parabolic mirrors form images. 
b. Images can be located by ray tracing: 
1. The ray initially parallel to the mirror’s axis is reflected through the focus, and 


2. The ray passing through the principal focus on the way to mirror is reflected paral- 
lel to the axis. 


c. Simple similar triangles can be found to relate: 
1. Image position to object position: S S = 15 : 


i 
1 
2. Image size to object size: H ER 
0 0 


EMPHASIS This material is basic to the formation of images by lenses as well as by 
mirrors. It is important for students to draw ray diagrams. If they can draw and inter- 
pret ray diagrams they understand image formation. Merely memorizing formulas and 


understanding. It is important to do problems but you can discourage the blind use of 


quick use of formulas, most of your students will learn the fo 

: À rmulas. But, if P 
pues on ray diagrams fulfills its function, students will also learn how Eae 
ormed, and how to derive any formulas they need for different arrangements. 


Following the laboratory, a ''g, ! 
s pectacular“ demonstration may provid 
starting point for your class discussion. The following is a 9 ber or- 


stration. You will need either a 
a Scapa the lace ee mirror or a parabolic mirror. The 


parabolic mirror g- vase =. 


Opaque 
"s Screen 


| 
| 
l 
s 
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the viewer and illuminated by the bulb. Both the flowers and the vase above them are at 
a distance of 2f from the mirror. Since the mirror fo ms an inverted real image, the 
flowers appear to be right side up in the vase. You can demonstrate that this is a real 
image by displaying the image on a piece of Kleenex or wax paper held over the vase. 


This demonstration can provide effective motivation if you use some showmanship. 
You can set it up so that it is in the correct line of sight as students enter the room. 
Flowers in a physics room may be a surprise, and worth a second glance, but the double- 
takes really come as students walk past the angular field of the image, and the flowers 
disappear. You can conjure other ways of presenting this demonstration. To keep it a 
“stunner” try to arrange the presentation so that the first look shows the image. Then 
you can pick up the vase and leave the flowers, try to pick flowers that aren’t there, etc. 


DEVELOPMENT You will probably need to show students exactly how to locate an image 
by using a ray diagram. It may help the class follow if you use as the object“ a diagram 
of a stick with one tip red and the other tip white. Neither tip should be on the mirror’s 
axis. You can then draw the rays from the ends in different colors so that they can be 
distinguished easily. First, considering the white tip of the object, draw more than two 
rays, but emphasize that the two chosen in the textbook are adequate and easiest to con- 
struct accurately. Eventually you can erase the rays other than these two. These two 
rays can be drawn without constructing tangents, normals, and equal angles. (The ray 
drawn to the vertex which produces a symmetric ray on the other side of the axis is dif- 
ficult to construct accurately. However, this ray is very useful and it should be used 
frequently when it simplifies the geometry in problems. For example, it is useful in a 
problem which asks for relative sizes and gives object and image position but no focal 
length.) After the image of one tip is located, you can turn to the image of the other tip. 
Drawing the rays from the second tip in a different color will help to distinguish them. 
Make it clear that the image point is the point where rays leaving a single point cross after 
they are reflected. Until you explain this, a few students may think that an image point 
exists whenever any two rays cross. 


Before students become involved in the derivation of formulas on page 204, they should 
do some ray tracing in scale drawings. Have students trace rays of light from a given ob- 
ject to a cylindrical mirror, then to an image. At the mirror, they should construct nor- 
mals to the mirror and use the law of reflection as carefully as they can. Occasionally 
they should be challenged to accurate work. Try challenging them to work to the nearest 
tenth of a millimeter! They will easily be able to see effects of spherical aberration (and 
you will be kept on your toes distinguishing between errors in drawing and spherical ab- 
erration). This type of exercise helps remind the students of the basic importance of the 
laws of reflection. 


CAUTION The analytical formula, 818 T 2g , is derived partially as an illustration of how 


iv AGI 
the geometry can be used to locate an image. The equivalent formula, P * d =F could 
also be derived simply, but the reciprocals confuse some students and the correct assign- 
ment of signs to p, q, and f is more complicated than in the equation 8180 = n (p is used 


in many physics texts as the distance from the object to the mirror while q is the distance 
from the image to the mirror). Each of these formulas has some advantages and some 
disadvantages. You can easily design problems which make either one seem superior. 7 
Every physicist has a slight preference for the form that he knows best; he naturally thinks 
of problems and situations in which the form he knows is most useful. 


If you are most familiar with + : - i a little practice will give you all the facility 


you need with 8180 = É . The inconvenience involved will be slight and it will not last 


long. Of course, students do not have prior experience with either formula and they find 
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818 gs ra somewhat easier to learn and to work with. 


Physicists who are adept with optics problems sometimes use both formulas inter- 
changeably. However, when both formulas have been introduced in an early physics course, 
some students have become confused. They measure distance to the mirror when they 
should measure them to the focal point, and vice versa. 


Inasmuch as you will be encouraging students to draw ray diagrams and to rederive the 
formula when they need it, this warning against introducing p and q as distances to the 
mirror may seem unnecessary. However, there will be times when you will want the stu- 
dents to use ray diagrams in which it 18 convenient for them to label the distance from the 
image or object to the mirror. In such cases let them call this distance anything they 
please. Labeling it with the pair of letters corresponding to the terminal points may be 
best. As soon as you reserve a particular letter for a particular distance, some students 
will be tempted to memorize and reuse any formulas they may derive. 


The 818 ^ formulation will also be used to work with lenses in Chapter 14. 


QUIZ PROBLEMS Your quizzes should stress ray diagrams rather than the use of for- 
mulas. However, some formula problems are not amiss. 


1) Given the following diagram and the 
rays Shown (except for F and the dotted 


ray): 


a) Label the position of the principal 
focus. 


b) Continue the ray A. 
Solution: The principal focus is at F; the 
continuation of A is shown dotted. 

2) An object 3 mm high forms a real image 5 mm high, 25.cm from a concave mirror. 

8) How far from the mirror is the object? 

b) What is the focal length of the mirror? object 
Solution: 

8) The ray to the vertex reflects at equal 
angles to the optical axis. The heights of 
object and image are proportional to their 
distance from the mirror. The object is 
therefore 15 cm from the mirror. 

b) Drawing OBI we see from the shaded 
similar triangles that T 20.5 Sm BV = 0.3 cm, 


25-f 
the object height. 0. 3 (25 - f) - 0. 5 f; f = 75/8 cm = 9.4 cm 


Section 10 - Real and Virtual Images 
PURPOSE To extend the ray tracing technique to the 


CONTENT a. When an object is betw 
image of the object is virtual. "Exe 


location of virtual images. 
parabolic mirror and its principal focus, the 


b. 8,8 = f^ may be used to locate the image. 


-— T9 
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COMMENT Do not bother trying to teach the students sign conventions. If they call 81 
negative, they will get a negative answer for 8, and could interpret this as meaning to 
the mirror side of the focus. However, the sign convention will lead to many errors; it 
is not worth the trouble. A ray diagram will give the correct qualitative result. The 
formula will supply the numbers. 


A reasonable distinction between a real and virtual image can be made by imagining 
a translucent screen. If the image can be ‘‘captured’’ on a small screen (tracing paper, 
for example) it is a real image; if not, it is virtual. 


The following table classifies proble 
and the sections to which they relate. 
sion and those which are home project 
recommended are marked with an asterisk (9. 


Answers to all problems which call for 
the table. Detailed solutions are given on 
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Chapter 12 - Reflection and Images 
For Home, Desk and Lab — Answers to Problems 


SHORT ANSWERS 


pu 


= 


Decrease obstacle to screen distance. 
Decrease size of light source. 
Increase light to obstacle distance. 


- (a) See diagram and discussion on 


page 12-22. 
(b) 7.4 X 10? miles. 
(3) The angle becomes smaller. 


S are indi 


(b) See detailed discussion on page 12-23. 


(a) 0.12*. 


(b 4mm; 3x 1074 


(c) No effect. 


(3) and (b) Twice the length of the 
mirror. . 

(e) No. 

(d) 2' 6". 


See detailed discussion on page 12-25. 


See detailed discussion on page 12- 26. 


(a) No. 
(b) Left. 
(c) 1. See detailed discussion on 
page 12-28. 
2. They are same size but 
appear different in size. 
3. One image is reversed but 
the other is not. 
4. 18.4 ft, 23 ft. 


About 8''. 


13. 
14. 


15. 
16. 
1T. 
18. 


19y 


20. 
21. 


ms according to their estimated level of difficulty 
Those which are especially suited to class discus- 
cated. Problems which are particularly 


2 numerical or short answer are given following 
pages 12-22 to 12-38. 


(a) 5.3”. 


„ 
Infinite, but strictly speaking is un- y 


defined. 


(a) If object is placed at real image, 
new real image is formed where ob- 

ject was. 

(b) There would be no image at orig- 
inal position of object. 


17 cm. 


n 


Hi = i> ; 
0 

5. 3 cm. 

20 cm. 


(a) 125 cm real (and 75 cm if virtual 
image is included). 
(b) 4 m real. 


(3) Sometimes. 
(b) Experiment. 


See derivation in detailed answers on 
page 12-35. 


See detailed discussion on page 12-35. 


Most of 21 is a roject but the numer- 
ical answers are: 
(a) 99'' 


(b) 10° miles. 


12-22 
22. 8, = +f (2 f from mirror, also 


right at the mirror). 


COMMENTS AND SOLUTIONS 

PROBLEM 1 Fig, 12-2 shows how 2 fuzzy shadow is produced. 
How could you produce à sharper shadow of the 
same obstacle? 


This is a good problem for class discussion; it can be discussed in class without being 


assigned. 

For a given light source, the shadow can be sharpened both by increasing the distance 
between the source and the obstacle, and by decreasing the distance between the obstacle 
and the screen. A smaller light source would also sharpen the shadow. 


PROBLEM 2 We sometimes see total eclipses of the sun by the 


moon, and sometimes annular eclipses. In the 
latter, a ring of light from the sun is seen around 
the edge of the moon. 

(a) By drawing à diagram of the earth, moon, 
and sun, explain why two different kinds of solar 
eclipses occur. the distances of the moon from 
the earth and of the earth from the sun remain 


an earth 


a) 


moon 


case 1 - total eclipse 


sun , 
earth 
moon 


omm 0 


case 2 - annular eclipse 
A tota. ® 
tsa gion onus only whan. to es aun ean be seen Te eat 
; ar : ; 
1 be 8155 and distances of the Bandi, cud Mud kon Edw x Ina relation- 
earth is far enough pong dee Cor tue the earth's surface. But in aes eclipses, the 
or the moon is clo aem 
pater d not touch the surface of the earth. a mm SIUE TS) Set the tp ^t 
ofthe sun. Such an eclipse is called annular , an observer sees the 


Most eclipses of the sun are i 
tial eclipses, i i ; 
surface in the umb. 337 pses, in which not onl , 
(this line 5 5 OF tise qe extension of the line between the 5 opa oid 
gh the tip of the umbra) does not touch any part of es a EC 
e earth. 


The fact that 3 
at we have both annular and total eclipses shows that the distance from the 


— 
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moon to the earth or the distance from the earth to the sun must change. Both do. 


b) Since in the total eclipse, the tip of the umbra usually just grazes the earth’s 
. surface, we may draw the triangles ASE and BME. If the umbra extended over any 
large region of the earth’s surface, the geometry would become indeterminate. 


earth 


S 


7 
8 Es IB) EE 9.3X10 miles 
Then BNMH ME and AS = BM X ME =10 miles X ; 


2.5X 10? miles 
Thus the diameter of the sun = T.4 X 10? miles. (The accepted value of the diameter is 
8.7 X 10? miles.) 


= 3.71 X 10? miles 


PROBLEM 3 When we drive down a road that runs squarely 
into a valley, we frequently get the impression that 
the other side of the valley is getting farther away, 
instead of closer. Fig. 12-29 shows the light 
rays that reach the eye from the top and bottom 
of one side of the valley when the viewer is near 
the 9 25 the other side. Draw the rays that 
reach his eyes when he is halfway down; when 
he nears the bottom. 

(a) What happens to the angle between these 
rays as he gets closer to the bottom of the valley? 
(b) How does this help to explain the illusion 
that the other side of the valley is retreating from 

him as he gets closer to it? 


This problem is concerned with certain psychological aspects of the judging of distance, 
and gives further practice in the straight-line propagation of light. Very few people seem 
to be familiar with the illusion dealt with in this problem. ‘ 


a) As the observer moves down into the valley from A to B to C, the angle the other 
side of the valley subtends at his eye decreases from ZHAV to HBV to ZHCV. 
b) Since the same terrain (HV) is progressively seen to subtend a smaller angular field 
of view, the observer may get the impression that the slope is getting farther away. 

If the valley is very deep, the ‘perpendicular bisector” of one side may intersect the 
opposite side which the observer is descending. In this case the angle appears to increase 
for a while and the illusion may be reversed. 
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PROBLEM 4 In studying Brownian motion a pencil of light was 
used to amplify the twisting motion of a small 
mirror bombarded by air molecules (Fig. 9-14). 
When used in this way, to amplify small mo- 
tions, a combination of light source and mirror 
is called an optical lever or amplifier. 

> (a) If the mirror twists through an angle of 
.06°, through what angle does the reflected pencil 
move? : 

(b) If the distance from mirror to camera is 2 m, 
about how far does the reflected pencil move 
across the camera lens? What fraction is it of 
the circumference of a circle of 2 m radius? 

(c) What effect does the position of the light 
source have on the amplification? 


This problem could be done after Section 4 but should be deferred until after students 
have gone through Section 5 and have a good grasp of the laws of reflection and ray tracing. 


This problem illustrates a practical.use of the laws of reflection. Part b) requires 
trigonometry or radian measure of angle. If the students cannot do part b) the problem 
Should not be assigned. 


a) If the mirror twists through an angle of 0. 06*, the angle of incidence of the ray from 
the source is changed by 0.06*. Since the angle of reflection must remain equal to the 
angle of incidence, the angle of reflection must change the same amount. The total change 
in direction of the reflected pencil is the change in the angle of reflection, plus the change 
in the direction of the normal. Thus, the reflected pencil moves through an angle of 0.12* 


b) The reflected pencil moves 2 tan 0.12* = 0.004 meters = 4 mm. The fraction this 


1s of the circumference of a 2m radius circle is 2x 1 m=3x1 xs 
ee 


€) The position of the light source has no effect on the amplification. 


-PROBLEM 5 , Place a plane mirror (one about 30-40 cm high 
is convenient) with its center approximately at 
eye level. Hold a meter stick vertically just in 
front of your face, with the middle of the stick 
at eye level; stand in front of and facing the 
mirror. 

(a) Move toward and away from the mirror. 
Does your motion change the amount of the 
ms n you can see? 

‘ormulate a general rule connecting th 
ele of the n that can be seen with the Height 
e mirror. By making a ra diagram, 
that this rule holds for E RAS 1 
mirror. 

(c) Clothing stores often have mirrors that ex- 

tend all the way to the floor, designed to 7 a 

ieri 2 ne his or her full length, Is it 

ecessary for this purpose fi mirroj 

long m is? à aba 5 

(d) If the shortest customer has t a hei; 

of 5 ft. Oin., what is the maximum ‘allowable eos 

of the bottom of the mirror from'the floor if the 

customer's feet are to be visible? 


a) and b) The length of the stick th 
Fégurilons o how oie the mek. : A can be seen is just twice the height of the mirror, 


and lower edge. From the second law of s n Vich hit the mirror at its upper 


tion, Z FCP- Z E 
and triangles FPC and EPC and triangl Dx CP and Z EDG = Z GDQ, 
EQ- QG. But PQ- CD - 40 cm and since E 1s dente AD Are identical. Thus FP = PE and 


— — 


— 


— ia 
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EQ; and FG, which is the length of the meter stick which can be seen in the mirror, is 
twice the height of the mirror, or 80 cm. 
The same result is found by constructing 


the image A'B’ of the entire ruler and B meter stick P 

seeing how much of the image the **win- F I een) 
dow’’ CD lets us see. = 10 ane T | 
F irror ! 
c) No. The rays of light from the m 1 
feet to the mirror and then to the eyes eye iE, " | 
determine the necessary lower edge of Q p ay | 
mirror. ; G 1 5 r 

d) The maximum allowable height of A A 


the store mirror from the floor is 2’ 6"; 
half the eye height’’ of the shortest viewer. 


Since an image is always twice as far from the eye as the mirror is, by proportionality, 
the height of the image that can be seen is always twice the height of the mirror. 


PROBLEM 6 Construct a diagram similar to the one in Fig. 

12-13 for two mirrors at 90° to each other. 

(a) How does the light reach the eye when itis 
placed as in Fig. 12-30? 

(b) Set up two such mirrors and see if the ex- 
perimental observation checks your diagram. 
How can you tell if the light goes the way your 
diagram indicates? Try first with an object mid- 
way between the mirrors, and then with it close 
to one of the mirrors. 


This problem involves the paths of a light ray being reflected from two mirrors and is 
best done in conjunction with the laboratory experiment on mirrors. Then the students 
may experiment with blocking certain paths of the light to see which images are affected. 
In Figure 12-30 the light goes as Shown. 


E 


ST 
image of O in ^ 
vertical mirror/ .-^^ 
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4 
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Li 
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+ 
image of 1} in the / i 
T el y, horizontal mirror 

Nd 
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‘ 
vertical mirror " fi 
+ 
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If we are to be concerned with Jight striking both mirrors, we must be concerned with 
the image of an image. The object O has an image II, in the horizontal mirror. II in turn 
has an image I, inthe vertical mirror. This may seem mysterious to the students until 


they construct the actual path of the light OABE as shown. The ray AB hitting the vertical 
mirror appears to come from L the first image; while the final ray BE appears to come 


from the final image L. 
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‘A second case where the object is close to the horizontal mirror is shown: 
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B 
. 
o 
I, e g 
3 , ith 
M 
* en 
2 
PROBLEM 7 A mirror three ft. wide is placed in the corner of 


a square room, 20 ft. ona side, Its surface makes 
an angle of 45° with each wall. You are standing 
in an adjacent corner. Show by construction 
what sections of the walls are visible in the mirror 
and where the images of these sections are located. 


This problem and Problem 8 involve the idea that images can be located even though 


ne mirror does not extend far enough to intersect the line between the image and the 
object. 


Find the image with respect to the plane of the mirror, and then consider the mirror 
itself as a „window“ through which we look at the imaginary space behind the plane of the 
mirror, However, what this means in terms of light paths should always be made clear 


p ee and these “pictures” should never be used as more than aids to finding the 


A B 
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In the figure, the size of the mirror, MN, has been exaggerated to make the drawing 
clearer. The image of corner B is constructed at B’ a distance behind the plane of the 
mirror MN equal to the distance B is in front of it. Similarly, the image of the corners 
A and C are constructed at A’ and C’. Notice that D has no image D'. We do not see 
objects behind mirrors as images in the mirror! Then the dotted image of the room is 
drawn in. 


An observer standing at B looks ‘‘through”’ the mirror at the image of the room. Look- 
ing along the wall BD he sees a spot E’, which is an image of E. The actual path of the 
light ray goes from E to N to B. 


The observer also sees C' through the ‘‘window’’. The actual light ray goes from C 
to P to B. In fact the observer sees the portion of the walls MCE as an image MC'E'. 


It is worthwhile to point out that the observer can walk around in the room and see the 
whole image MC'E'A'B'N from different points in the room. As he walks, the image 
remains fixed! 


PROBLEMS : Two persons, A and B, and two mirrors are lo- 
cated in a room as shown in Fig. 12-31. By 
construction to scale, investigate the following: 

(a) Can A see his own image in either mirror? 
(b) If B raises his right hand, will his image as 
seen by A in M, raise the right or the left hand? 
(c) A can see two different images of B in M,. 
(1) Where are they located? 
(2) Do they appear to be of the same size? 
Are they of the same size? 
(3) Are they both reversed as to left and 
right? 
(4) What is the distance of cach image 
from A? 


Fig. 12-31. 


This is a ccmplicated problem on images in mirrors. It probably is better for class 
discussion material than homework. It can be assigned after the students have thoroughly 


absorbed Section 5. 


The solutions may be accomplished in several ways. One way is that proposed in Prob- 


` 
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into an image space. A second 
lem 7 -- considering the mirror as a ‘‘window’’ looking 
approach is to draw light rays as they actually travel and see what they indicate. 


a) The figure at the right shows Mr. A S 
looking into the mirror Mi along the di- 


rections AP and AR. He then sees things 
out along PQ and RS. Clearly no such 
reflection includes Mr. A himself. Simi- 
larly, in looking at the mirror M, along 


AV and AW, he sees things in the direc- 
tion VU and WY. Again, this region does 
not contain Mr. A. Mr. A cannot see 
himself in either mirror. 


b) In the figure at the right, Mr. 
A looks at Mr. B in mirror M.. 


2 B' 
Light rays go from B to P to A, and 17 
Mr. A sees an image of B at B'. 3 
From the direction of the arrow it 
its left hand if Mr. B raises his N 
right. 


N 

N 
is easy to see that the image raises N 
* 


A : B 


c) In the figure below, light rays travel to A from 
Ways. The rays go from B to P'toA appearing to Mr. A to come from the image B,. 


They also go from B to O and from O to N (ap) 

pearing to come from the image of B in 
Mo, namely B) and then from N to A appearing to come from the image B,’. B,’ is the 
image of B, in the mirror MI. 


B off mirror M, in two different 


Size as the object, the two final images 
away from Mr. A than Bi, and must appear 
Smaller. This is the same as saying the ray BONA is longer than BP'A. 
Bi appears to have left and right reversed. By’, having been reflected twice, has beer 
reversed twice, so it is back where it Started, 


unreversed. 
B, is 18.4 feet from A. B,’ is 23 feet from Ai 


j 
| 
j 


PROBLEM 9 


A 


The rear-view mirror of a car is so placed that its 
upper and lower edges are horizontal and its 
center is at the same level as the center of the rear 
window. The driver's eye is also at this level, 
and the line of sight from his eye to the center 
of the mirror makes an angle of 30° with the line 
joining the centers of the mirror and the window. 
(Ses Fig. 12-32) The distance from his eye to 
the mirror is 2.0 ft., and that from the mirror to 
the window is 8.0 ft. What is the least width of 
the mirror that is needed if the entire width 
(3.0 ft.) of the rear window is to be seen? 
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; : 1 Becurat 
Although this problem can be solved trigonometrically, it is best done with an accurate 
scale drawing. i 
With the plane of the mirror set at 75° to the line between the 1 P B m 
the center of the rear window, the ray that travels from the center 0 e 
the driver's eye is reflected from the center of the mirror. If m dd Bn 
ror is assumed to give the least necessary mirror width (actually the 
very slightly greater than 75°), then we have the diagram below. 


I — 


of E is constructed and lines E’S and E’R drawn to the edges of the rear 
1 d the mirror is as wide as twice the greater of AC and BC, where A and B 
are the points of intersection of the lines E’S and E’R with the plane of the mirror, the 
driver will be able to just see the whole rear window in the mirror. By measurement on 
the scale drawing this width of the mirror is 18/5. 


Note that in the solution of this problem we used the image of the driver in the mirror 
although we are really interested in the image of the rear window in the mirror. That the 
two give the same results is due to the reversibility of light and the symmetry of the laws 
of reflection with respect to direction. This is not a completely obvious point and there- 
fore it might be best to use the more cumbersome method of constructing the image of the 
rear window in the plane mirror. 


PROB LEM 10 


A periscope can be made by mounting two plane 
mirrors at the ends of a tube. (Fig. 12-33.) The 
mirrors face each other, are parallel, and each 
makes dn angle of 45° with the axis of the tube. 
An eye hole is cut in the tube Opposite the center 
of one mirror, anda larger hole is cut in the other 
end of the tube, opposite the other mirror. Sup- 
pose that the distance between the two mirrors is 
4 ft. 0 in., and that you are using the periscope 
to look over a fence at a man 6 ft. 0 in. tall who 
is 50 ft. away. 

(a) What is the smallest possible height of the 
hole in the top of the periscope? 

(b) What is the smallest Possible size of the top 
mirror? 

Hint: Draw rays from the man to the eye, and 
remember the properties of similar triangles. 


n | 
mirror | 
| 


i 


4-0" 
45° 


4 


Fig, 12-337 


epy 
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This problem may be done after Section 5. 


B’ 


a) We must construct the image of the man in the lower mirror to get the similar tri- 
angles with which we may find the minimum possible height of the hole in the top of the 
periscope. This height in the diagram is CD, the height at the top of the periscope of the 
cone of light coming from the man AB to the eye E. In the image, C’D’ equals CD and 
A'B' equals AB. Since C'D' and A'B' are both vertical and therefore parallel, triangles 

"Ty + 
EC’D’ and EA’B’ are similar and CD DEE . We are given that AB equals six feet. 
EF’ is just about the same as the height of the periscope, which is four feet; and EG’ 
is the height of the periscope plus the distance to the man, which is 54 feet. Then 


CD = C'D'-6 xe = i feet = 5 3 inches. The least possible height for the hole in the 


top of the periscope is 5i inches. 


b) The minimum size of the top mirror, N 
since the vertical height of the cone of 
light at the mirror is about the same as 4 
CD, may be found from the triangle at the 


right. We know ND = 53 inches = MD 


since the triangle is isosceles. By the 
Pythagorean theorem, MN, which is the 
minimum size of the mirror, may be IN " 


found from: MN? SND E MD. M D 
MN = 54 X VE = 7. 5 inches. N 


PROBLEM 11 What is the focal length of a plane mirror? 


This problem should not be considered until after students understand Section 6. It 
is best used for class discussion. Students can be asked what happens to the focal length 
as a parabola is flattened. Eventually, the parabola will be so nearly flat that the differ- 
ence between a parabolic mirror and a plane mirror will be negligible — the focal length 
of a plane mirror is infinite. Properly speaking, the focal length of a plane mirror is 
undefined. It is only in the limit of a nearly flat parabola that we can find a focal length. 


PROBLEM 12 What will happen if, in Fig. 12-23, the real light 
bulb is placed at the position where the real 
image was previously formed? . 
(a) Can you state a general rule about moving: 
an object to the position of its real image? 
(b) What happens if an object is placed at the 


12-32 


Because of its involving virtual images, it may be better to save this problem until 
after students have completed Section 10. 


a real light bulb is placed at the position of the image in Figure 12-23, the light 
| 8 ud md same finds Shown in the figure, but in the reverse * . 
second law of reflection is the same regardless of which way the light goes. D ere: 52 4 
a real image is formed at the original position of the light bulb. In general, i A ol Jec 
is moved to the position of its real image, a real image is formed at the original position 
of the object. 


. Therefore, if an 
b) A virtual image is always formed in the region behind a mirror. T 5 

Pm is moved to the position formerly occupied by its virtual image no image is formed 
at the original object position since light cannot penetrate the mirror. 


PROBLEM 13 How large an image of the sun will be formed by 
the Palomar telescope, whose focal length is 18 m? 
The sun's diameter is about 1.4 X 10° m, and it 
is 1.5 X 10" m away. 


=.17 m= 17 cm. 


PROBLEM 14 Show that the size of the image of the sun formed 
by a concave mirror is proportional to the focal 
length of the mirror, 


Since H, is the diameter of the Sun, a constant, and since 8, is the distance of the sun 


from the earth, essentially a constant, the height of the image H, is a (constant) X (focal 
length) as required. 


It may also be instructive to draw rays 
from the edges of the sun to the vertex of 
the mirror. These extreme rays diverge 
from the vertex and their distance apart 
1s proportional to their distance from the 
mirror. The image, however, is formed 
at a distance from the mirror equal to 
the focal length (since the sun is very far 


away). Therefore the image size is proportional to the focal length. 


PROBLEM 15 A nail 4.0 em high stands in front of a concave 
mirror at a distance of 15 cm from the Principal 


focus. The focal length of the mirror i 
What is the size of iis idet pe a 


A ; from the princi al f 
mirror the image is real and inverted. If the nail imr an away from the 
the mirror, the image is virtual and erect. iR foward the mirror, i.e. 5 cm from 


oan — 


12-33 


PROBLEM 16 The image of a candle is 30 cm from the center of 
a concave mirror. The candle is 10 cm long and 
its image is 5.0 cm long. What is the focal length 
of the mirror? 
This is a good problem to show how 
easy it is to use ray diagrams to derive 
a formula from the geometry of a prob- 30 
lem. : E Sie 
We know that there is a 5 cm image 5.0 cm 
30 cm from the mirror. 


We also know that the ray which passed 
through the focus to reach the tip of the 
image, approached the mirror parallel to 
the axis, 10 cm above it (because the ob- 
ject is 10 cm high). Therefore we can 
locate B. 


The line AB crosses the axis at f. 
From similar triangles f is 20 cm 


pedro. Auri = 
F 30 F er 60 2f = f, and f = 20 cm). 


This problem could also be done by formula. 


a H 30 30 
Since , and we know that 8 +£= 30, —f+ f = 30 cm, = cm . 9" = 20 cm. 
H f i H H 1.5 
o 0 nts 1 
H 
o 


The geometry is more instructive and easier than the algebra. Be sure to Show it to 
your class if you assign this problem. 


PROBLEM 17 How far from a parabolic mirror of 1 m focal 
length must an object be placed to give an image 
(a) magnified 4 times (b) reduced to j its size? 
Will the images be real or virtual? 


3) We can get either a real or a virtual magnified image. If the object is placed farther 
from the mirror than its focal length, we have the following ray diagram: 


Only one principal ray is drawn for clarity. Now, from similar triangles H/ S = CD/CF. 
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H H 


But CD = H,. e 


1 

9 "o 

But CF is very nearly 1 meter. Hence I meter H, í 

The object should be placed 25 cm beyond the focal point, or 125 cm from the mirror. 
On the other hand, the object can be placed inside the focal point. In this case 


1 — 


again H /S_ = CD/FC = H/FC. S, again is 25 cm. However, this time the object is 
o "o 
placed 25 em closer to the mirror than the focal point, or 75 cm from the mirror. 
b) For a reduced image, the procedure is the same as in the first part of a): 


o 
1 meter 
Hence the object is placed 4 meters from the mirror. 


With a single concave mirror there is no way to obtain a virtual image reduced in size. 


=$; 8, = 3 meters. 


PROBLEM 18 In Section 12-5 we used parallax to locate the 
virtual image of a candle. We adjusted the posi- 
tion of an object near the image until we could see 
no parallax (no relative motion). 

(a) Can you locate a real image this way? 

(b) Use a parabolic mirror to form a real 
image. Then locate this image by catching it on 
à piece of paper and by parallax. 


and virtualimages. Part b) is a laboratory sugge 
II-2. This problem might be assigned to prepare the students for this laboratory. 


E 
E 
4 
8 
E 
B 
8 
i 
Hm 
3 
B 
. 
© 
-—! 


b) A laboratory exercise. 


PROBLEM 19 The distances of an object and its image in a 
concave mirror are often measured from the 
center of the mirror, instead of from the principal 
focus, We call these distances D, and D, Tespec- 
tively. We have S, = D, Hand S. = D; — 
where fis the focal length. Using these relations, 


show that from 5,5, = f* follows -L +5 “+ 
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This problem shows that the Gaussian form of the ‘‘lens’’ equation follows algebraically 
from the Newtonian form employed in this book. 


8051 

(D,- ) O 9 = 

D DI - £D, - f D, - 0. 
Divide by D,D,f to get: 

p 1 1 1 qM 

7 5 20; FTI 2. 

1 D, D; D, D, f 


PROBLEM 20 


Our discussion of curved mirrors has been limited 
to the inner, or concave, surface. The outer, or 
convex, surfaces of these curves will also produce 
images. Such mirrors are called convex mirrors 
and are often used as side mirrors on a car or as 
ornamental mirrors in a room. Using the laws 
of reflection and assuming the surface to be para- 
bolic, demonstrate the following facts by suitable 
constructions. 

(a) The area reflected to the eye by a convex 
circular mirror is larger than that reflected by a 
plane mirror of the same diameter in the same 

ition, 

(b) p rays parallel to the axis reflect as 
though they were coming from a point behind the 
mirror. This is the principal focus of the mirror. 
It is called a virtual focus. 15 

(c) Rays starting from a point on the axis 
are reflected in such a way that they seem to come 
from a point on the axis behind the mirror. The 
image is therefore virtual. 

(d) The image formed is smaller than the object 
and is not inverted. 

(e) As the object moves in from a great dis- 
tance, the image moves toward the mirror. 

(f) There is a limit to the distance of the image 
from the mirror — that is, this distance can never 
be greater than a certain value. What is this 
value? Try drawing ray diagrams. 


This problem requires the student to reproduce, for a convex mirror, a large part of 
the development which the text does for a concave mirror. 
This exercise may be assigned after students have gotten a thorough understanding of 


` the entire chapter. Convex mirrors are not considered again in the course, and it is not 
at all necessary to assign this problem if you are short of time. It does, however, serve 


as a high level check on understanding. If a student can do this one, you can be pretty 
Sure he understands the essentials of the chapter. 


conventions be introduced here. 


a) 


Aye 


Under no circumstances should sign 
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h the eye from 
ident from the diagram, light in the arc from A to B can reac! 
Pone ele aa while only light in the arc from C to D will reach the eye from the 
plane mirror. Thus the convex mirror reflects a larger area to the eye than the plane 
mirror. 


b) 


The only practical way to carry out the above construction is to consider parallel rays 
striking the concave side of the mirror. On the concave side, the angles to the normal of 
the incident and reflected rays are the same as on the convex side. Using the focal point 
of the concave side we can then construct the rays reflected from the convex side. The 


point they seem to come from is called a virtual focus, because light rays never really 
pass through the focus. 


e) 


A rough construction will suffice here, 
to appear to come from a virtual image on 


and it is obvious that the rays will diverge so as 


the axis extended behind the mirror. 


Dai 
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By drawing principal rays, we see that the top of the image must always lie on the 
line FA, so that H; is always less than AC. But since AC = Hy the image is always 


smaller than the object. It is also upright since the principal ray (2) (parallel to the 
axis) is always above the axis if the object is above the axis. 


e) In the diagram for part d) we see that as the object moves in closer to the mirror, 
the point B where principal ray (2) hits the mirror moves nearer A. Since the distance 
from B to the axis is the same as the height of the image, the image becomes larger. 
But to do this, it must move in toward the mirror, because its top must always be along 
the line AF. 


f) Since, as the object comes closer to the mirror, the image also comes closer to 
the mirror, the distance of the image from the mirror must be greatest when the object 
is very far away. When the object is very distant, the rays reaching the mirror are almost 
parallel, and the image is just about at the principal focus. The image can never be farther 
from the mirror than the principa] focus. 


PROBLEM 21 As a project you can make a pinholecamerathat 
` is excellent for photographing the sun. Paint the 
inside of a cardboard mailing tube flat black (to 
prevent reflection of light). Cover one end with 
a piece of heavy black paper, in the center of 
which a hole has been punched with a fine needle. 
To the other end of the tube fit a piece of wood or 
metal that allows the tube to be mounted onto 
the front of a camera, in place of the lens. The 
connection, of course, must be light-tight. Insert 
a photographic film in the camera in the usual 
way, and point the tube toward the sun with the 
pinhole covered. When the tube is correctly 
placed, take a time exposure of a few seconds. 
(a) If the filmin a pinhole camera has a vertical 
height of 6 in. and is 9 in. from the pinhole, how 
far must the pinhole be from a man 5 ft. 6 in. 
tall if his image is to extend the full height of the 
film? 
(b) In the same pinhole camera, if the image of 
the sun is jj in. in diameter, what is the diameter 
of the sun? The sun is 93 million miles away. 
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a) 


Ee) 2 
By similar triangles, 55 x = 99" 


b) Some students will find it interesting to consider this problem in relation to Problems 


13 and 14. 
2 — 
1 93, 000, 000 mi. — 0.1” 
/ 


| 
17 rhs 
M 4a - g” 
— 


1 6 
By similar triangles, 39 ö0ö. ö ö d=10 mi. 


PROBLEM 22 In Section 12-9 the question is asked: At what 
distance from the principal focus must the object 
be placed so that the image will be at the same 
place? Show that this question has two answers 
and explain the second answer, which was not 
discussed in the chapter. 


This problem on virtual images forces the students to think about the properties of a 
concave mirror. 


We can write down in a straightforward way 8,8; = E - If object and image are to be in 
the same place then surely 8, = 81 and it follows 81 = 8, =f. Students on their algebraic 


toes will see that there is another solution to the equation 8081 = P 1. e., S. 8 f. Do 
{iro 


not introduce sign conventions in discussing this problem, but merely point out that the ob- 
ject could be placed one focal length toward the mirror from the principal focus, i.e., at 
the mirror itself. The image will be virtual and at the mirror itself. You should probably 


210 a concave mirror (a shaving mirror will do) handy to defend this answer experiment- 
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Chapter 13 - Refraction 


CHAPTER SUMMARY 

An experimental search is made to determine whether the behavior of a light ray as it 
bends in passing from air into another medium can be reduced to.simple laws. The first 
law found is identical to the first law of reflection — the refracted ray lies in the plane de- 
fined by the incident ray and the normal to the surface. The second law is a remarkable 
synthesis of what might otherwise require volumes of graphs to describe — the ratio of the 
sines of the incident and refracted rays is a constant that has a particular value for each 
material, the index of refraction for that material. The data were available for 1000 years 
before this law was discovered! If the rays are reversed, the rays follow the same paths 
backwards; this behavior suggests that light rays are reversible. If light rays pass from 
one material to another, neither being air, the refraction is governed by the ratio of the 
indices of refraction for the two materials. The chapter closes with a discussion of total 
internal reflection, dispersion of white light into its component colors and an explanation 
of the rainbow. 


COMMENT 

The discovery by Snell of the second law of refraction is an excellent example of how 
the behavior of something (light) can be summarized by a law that fits the behavior em- 
pirically. Note that no model was invoked to get Snell’ s law; no one asked, What is 
light like?“ The question was merely, What law describes the behavior of light? 
Later in Part II, two different models will be tried to see if they can serve as models of 
what light might be. Both of these models predict Snell’ s law after the fact of Snell’ s dis- 
covery; in fact one test of a model for light is to see if it predicts Snell’ s law. 


As an example of what engineers and scientists get involved in when a mass of data on 
the behavior of something cannot be reduced to a simple law, locate, if you can, a vacuum 
tube or transistor handbook and show it to the class. RCA puts out a condensed edition 
for $1.00; the complete edition is more impressive. Explain that Snell’s law, with a few 
pages of the tables giving the indices of refraction for different materials, is equivalent 
to the thick tube handbook. 

EMPHASIS 

Snell’ s law, total internal reflection, and dispersion are key points in subsequent 
developments of the course. Work with problems, the laboratory, and the film will help 
to pin these down. 

SCHEDULING CHAPTER 13 

The following table suggests possible schedules for this chapter, consistent with the 
Schedules outlined in the summary section for Part II. 
14-week schedule 9-week schedule 

for Part II for Part II 


E 

Period Period 
— NS 7 
pass a ̃ —ꝗ—ä 
pets | a | ae 


RELATED MATERIALS FOR CHAPTER 13 


Laboratory. Experiment II-3 - Refraction, shauld be done before discussing Section 3; 
on the 9-week schedule, it should be done before the chapter is started. See the yellow 


pages for suggestions. 


5 


13-2 
ar, at first glance, to 
, Desk and Lab. Many of the problems which may appear, [ 
Eo N can be solved graphically. j 1 «de . G 
since they take time, you may need to be care 0 : 
phe Denm 15 is a rather interesting laboratory-type exercise which can be done at 


home and which will be enjoyed by many students. 


ems according to their estimated level of difficulty 


ifies probl i 
Du MR s S ralio: Those: which are especially suited to class discussion 
cated. Problems which are particularly recom- 


roblems are given in the green pages: 
13-16 to 13-28. 


and the sections to which they i 
and those which are home projects are indi 


Hiec c | ew ido PSS a ap 
13, 14, 16 17 (variation) 
16*, 17 | 18, 19, 20 | 44. 91% 17, 21 15 


Films. None specifically for this chapter, but there are some good sections on refraction 
in “Introduction to Optics" which you can ask students to recall or which might be re-run 


if you still have the film. 


Section 1 - Refraction 
PURPOSE To introduce the general nature of refraction and the first law of refraction. 


CONTENT The incident ray, the refracted ray, and the normal to the surface are all in 
the same plane. ; 


EMPHASIS The first law of refraction is important, but it will not take much class time. 
It is worth spending a little time pointing out that the approach to refraction will be similar 
to that for reflection. 


COMMENTS Before getting into the first law of refraction, make it clear that we will try 
to summarize refraction phenomena with a few laws just as we summarized all reflection 
phenomena with the two laws of reflection. You should re-emphasize that the two laws of 
reflection describe completely what light does when it is reflected. The formation, loca- 
tion, and size of an image produced by any mirror can all be understood simply through 
the use of the two reflection laws. Remind students that no matter how complex a mirror 
problem becomes, there is never any question about where an individual ray will go when 
it is reflected. Similarly, if we can find laws which describe how a single light ray refracts, 
we will have tools that will enable reducing to simple terms the action of complicated re- 
E 0 (such as lenses and prisms) in which the refraction of many rays must be 
considered. 


Make sure at the outset that students 
are measuring the angle of incidence and 
the angle of refraction from the normal. 
You can test this by putting on the board 
a diagram such as that at the right, and 
asking students to estimate the angle of 


—————— 
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incidence. If you get any ‘‘about 80 degrees”? responses, you have some students who 
must change their ways. 


CAUTION Do not bring up the exceptions to the first law of refraction. If a student asks 

a question about the peculiar“ materials, you can explain that only a few substances 
violate the first law; we want to begin with a Study of refraction as it occurs in almost all 
substances; the exceptions are too rare and too complex to serve as examples for beginning 
the study of refraction. 


At this point, even for bright students who ask you after class, it is enough to point out 
that the exceptional crystals have a complex structure which includes a special optic“ 
axis. When light passes through these crystals, both the normal to the surface and the di- 
rection of the optic axis contribute to the determination of the refraction. 


Students who have picked up information on polarization may have learned that the in- 
cident ray sometimes breaks up into two refracted rays. True, but again, we start with 
the typical case. 


Section 2 - Experiments on the Angles in Refraction 


PURPOSE To show the nature and extent of experimental data which must be collected to 
predict the refraction of rays if a law of refraction cannot be found. To lay the groundwork 
for an appreciation of the intellectual achievement involved in finding a ‘‘law’’ from such 
data. 


CONTENT a. Our knowledge of refraction comes from experiment. 


b. A collection of data on refraction has clear regularities, but they do not conform to 
any simple algebraic function. 


EMPHASIS The material in this section should not be hurried. It is easier for students 

to get the necessary qualitative understanding of refraction at this stage before they know 
Snell's law. They should study the data until they can summarize it with a few simple facts 
which must be explained by the laws of refraction. This will give them valuable experience 
in treating data with the help of graphs and tables. 

The amount of time you spend on this section should depend upon the amount of practice 
your students need in data handling, data summarizing, graphing, extrapolation, etc. This 
is a good point for such work. A similar opportunity will not occur later because after 
Students have used Snell' s law, optical instruments (not straightforward refraction) cap- 
ture their interest. 

DEVELOPMENT Early laboratory work on refraction will help. Students need to observe 
refraction, measure angles, and plot data in order to read this section with understanding. 
Experiment II-3 should be performed before class discussion of Section 3. 

Next, be sure that students understand the general aspects of refraction before they 
become involved with details. The text makes three descriptive statements (beginning at 
the end of the first column on page 212) about Figure 13-2 on page 211. You might go 
over these statements, then supplement them with questions. For example: 

What would happen if the angle of incidence were less than any of those shown? If it 
were 0°? 

Suppose we think of the four pictures in Figure 13-2 as coming from different frames 
of a motion picture made while the incident ray was moving at a uniform speed from an 
incidence angle of zero degrees to an incidence angle of 90°. Which moves faster, the 
incident ray or the refracted ray? 

When light goes from air (or vacuum) into glass, which is larger, the incident angle 
or the refracted angle? 


quatro rms : toa, 


es and graphs) how the 


ction varies when the incident angle is changed for light entering glass from 
i E 2 9 5 de the actual experimental data of Experiment II-3 to give the students as 
much practice as you think they need in interpolation and extrapolation. You might ask 
students whether it would make sense to extrapolate the curve beyond an angle of incidence 
of 90*? 

If you have time to give the students 
more insight into refraction and more 
practice with graphs, ask them to plot, 
as a function of the incident angle, the 
angle of deviation (the smallest angle 
through which the extended incident ray 
would have to turn in order to coing 
with the refracted ray). run 


Es 


Angle of deviation 
E 
e 
. 


30* 60* 90* 
section is that each time you change Angle of incidence 


2 
° 


tables for each pair, depending on which medium contained the incident ray. (Of course, 
reversibility could be established quickly, and eliminate the need for a second table.) 


CAUTION Avoid discussing the dependence of refraction on color. If a student raises the 
question, tell him that different colors behave similarly, but that there are slight varia- 
tions due to color which will be discussed later. 


COMMENT Do not expect to use the apparent brightness of the reflected rays shown in 
Figure 13-2 to give even a semi-quantitative idea of reflection coefficients. Since these 
different pictures were probably developed differently to make them clear, the apparent 
intensities cannot be determined by comparing the pictures. The coefficient of reflection 
(i.e. , the fraction of the incident ray intensity which is reflected) is small up to fairly 
large angles of incidence (about 50°), and reaches 1 at 90°. At an incidence angle of 0° 

. 2 
(i.e. , normal incidence), the reflection coefficient is simply (2) . For glass this is 


+ 
0.04, for water it is 0.02. en 


DEMONSTRATION Penny in bottom of an eva 
porating dish on lecture table cannot be seen 
by students at their seats. But if water is added to the dish the coin becomes visible. 7 


t water 
d Tay 
evapor EE. 
pony gem ae = Foot 


dish 


Section 3 - The Index of Refraction: Snell’ 
1 8 Law 
Section 4 - The Absolute Index of Refraction 


PURPOSE To introduce Snell’s law of refraction. 


CONTENT The angle of refraction, r, does not depend linear 
1 P i poo relation between i and r for light Soy alegre 8 L 
oe d 0 es 1 semi- chords is a constant. In trigonometric language 
e ae ed E 119 the ratio sin /s in r is a constant for light going from air 
cd qupd. ce s constant is called the index of refraction for the particular 

2 ve to air. The absolute index of refraction is the ratio of sin ein r for 
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light going from a vacuum into a given substance. 


EMPHASIS and DEVELOPMENT This material is important mainly because it introduces 
Snell’s law. But it is also important because it can be used to show students how scientists 
look for regularity to summarize experimental data. If Experiment II-3 is done ‘before the 
reading of this section is assigned, including the graphical treatment of the data, the stu- 
dents will come about as close to discovering for themselves Snell’s law as can be ex- 
pected in the time available. The study of this section will then serve to organize their 
thinking and to point out relations which they may have overlooked in doing the experiment. 


COMMENT Even if your students are fa- 1 
miliar with sines, it is important to con- a. 15 ~ 
sider Snell’s law first as dealing with 
the ratio of two semi-chords. The fact 
that AC is always one and a half times 
as long as FD tells students much more 
than merely remembering that for air 
sini 


A scale drawing can be used to predict 
the path of any refracted ray if the refractive 
indices are known. Protractors and tables 
of sines are not needed. Some students may A lay off FD 
not see how to construct FD easily, even if 
they know FD = — Be sure they see that 
a length equal to FD should be marked on 
the circle diameter which is the interface D 
(between glass and air) and that a perpen- 
dicular to the diameter from this point will 
locate D. 


Be sure at the beginning (and check this when it comes up later) that students know 
exactly which semi-chord ratio is involved. You wil] avoid confusion if you take time at 
the outset to prove (using similar triangles) that the semi-chord ratio is independent of 
the size of the circle. (Graphical accuracy will improve as the circle radius is increased.) 
After understanding that the semi-chord ratio is equal to the index of refraction, some 
Students will err in bending the refracted light ray the wrong way (i.e., they will multiply 
the incident semi-chord" by the index of refraction instead of dividing the semi-chord 


by the index). Remind the students to decide first which way the light will bend. 


Give the students some problems requiring graphical solutions for work at home, at 
their desks, and on quizzes. State the problems in such a way that the student can work 
without sine tables or a protractor. (Provide compasses or special paper on which the 
necessary circle has been drawn.) 


Although the formulation of Snell’s law in terms of the ratio of semi-chords should be 
Stressed, you should also discuss Snell’ s law in terms of sines. Go over the definition 
of the sine of an angle to be sure that all students understand the first paragraph on page 
215 and Figure 13-6 (page 215). You do not have to drill students on this definition or on 
the use of the Sine table (pages 636-637); they will use the sine of an angle many more 
times and wil] get further practice. 
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Section 5 - The Passage of Light from Glass (or Water) 
to Air: Reversibility 
that the path of light in passing in either direction through the boundary 


URPOSE To show t 
be i a is predicted by the general form of the equation for Snell’ s law: 


between air and glass 


sin r "glass ^ glass 


DEVELOPMENT The basis of this conclusion is an experiment such as that shown in 
Figure 13-7. Your class discussion can begin with this figure, with the questions relating 
to reversibility asked in Experiment Il-3, or with the scene from the film Introduction to 
Optics“ in which a mirror is used to reflect a refracted ray back along its own path. if 
you have the equipment you might demonstrate this. In any case the development of the 
general form of the equation should follow from the experimental observation of the revers- 
ibility of light in passing through the boundary between two materials. Students Should 


A point that students are almost sure to raise is: If you take just the final refracted 
ray in Figure 13-7 and run it backwards, you will get the same refracted rays, but the 
reflected rays will differ. You can tell them that when we speak of reversibility of light, 
we do not mean that all the reversed light will necessarily return. We mean simply that 


A good way to make reversibility clear is to draw a diagram as at the right below, 
showing the same block of glass as in Figure 13-7. Start this time with an incident ray 
from the right of the glass and moving back over the path of the transmitted ray. Ask 

_ students to sketch in the resulting rays. They should know that there will be four rays. 


Figure 13-7 


In addition to the refracted ray and the 
transmitted ray, there are the two re- 
flected rays, one from each surface. 
(Notice that the diagram at the right 
looks like an upside down view of 
Figure 13-7.) You should then make 
sure that students realize that what 
reversibility has to say about this new 
situation is simply that the refracted 
and transmitted rays in the new dia- 
gram coincide with the refracted and 
incident rays in Figure 13-7. The 
limited form of reversibility discussed 
here says nothing about either the relative intensities or the reflected rays 


=, 
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Section 6 - The Passage of Light from Water to Glass: 
The Relative Index 


PURPOSE To show how to predict the refraction that occurs when light passes from one 
substance to another when neither substance is air. 


CONTENT a. If light is incident from medium 1 at an angle, 9,, and is refracted in 
medium 2 so that its angle of refraction with the normal) is 95; then 


n sin 0, = n, sin 6. 
Re 
b. The ratio Ew is called the relative index of refraction, 24 


EMPHASIS This section is important, but it should require little class discussion except 
as you discuss problems based on these ideas, e. E., HDL Problems 11 and 12. 


COMMENTS The argument given for the validity of the relative index based on an imaginary 
layer of air separating the two substances (Figure 13-10) is a ‘‘plausibility” argument. It 
is not intended to be rigorous. (However, this kind of plausible inference” is a character- 
istic of physics. It is a common way to arrive at an assumption which then must be tested.) 
For all we know, until we check it experimentally, there may be a marked change of some 
kind when the air layer of Figure 13-10 is removed. For example, we know of cases in 
which two adjacent substances interact completely (alcohol and plastic); it is conceivable 
that a minute surface layer might form which would make the relative index concept un- 
usable. Of course, no marked change does occur; but students should realizé that the 
argument given suggests the fact; it does not establish it. 


Often students do not really appreciate the great simplification introduced by the rela- 
tive index even though they know what the index is and how to use it. Be sure that they 
realize that if it were not for this simplification, they would need an extremely long table 
which gave the index of refraction for each different pair of materials. 


By convention we deal with values of the relative index greater than unity. If the index 
of refraction of medium 2 relative to medium 1, 1,9, were less than 1, we would usually 


Speak of Doi the index of réfraction of medium 1 relative to medium 2. Also: Da 
n/n, = 7112. Do not try to drill students in the notation n9 or no}. It is enough if 


they remember that the light ray is always closer to the normal in the medium which has 
a higher index of refraction. 


Students who try to get the relative index of refraction so that they can write 
sin r= 112 Sin i, nearly always get confused. Emphasize the symmetric form 


n sin 91 7 n, sin 95. Try to have students start with this form before they try to decide 
whether n,/ n, Or n,/ n, is what they need for a particular problem. 


Your class may be interested in dealing with a problem involving light passing through 
Several layers of material, each with a different index of refraction: 
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glass, n= 1.9 


water, n= 1.33 


diamond, n= 2.4 


glass, n= 1.5 


Notice that: 
The incident and emerging rays are still parallel. 


Given a particular angle of incidence, 0, the angle at which light travels in, say, the 
diamond does not depend upon the previous materials. If the incident light went di- 
rectly from air to diamond, the ray within the diamond would be parallel to the one 
indicated above. 


If we “re-stack” the 4 blocks in a different order, the angle of travel in each medium 
remains the same as indicated above. 


If you think of many more layers with only slightly changing refractive indices, you 
have a good model of the changing refractive index of the earth’ s atmosphere (see 
Problem 9, page 224). 

Since for any two media, n Sin 91 = ng sin 9, then for three media, ni sin 91 = 
ny sin 92 = ng sin 94; etc. for any number of media. The quantity ‘‘n sin 6’’ is constant 


(invariant) throughout allthe layers. 1f you know the angle and the refractive index in 
one layer (air for the problem given), then you know the value of en sin 9"' in all layers. 
If you know the refractive index n for a given layer, you can find sin 0 and therefore e 

in that layer. (Remember that all boundaries are parallel planes.) 


Section 7 - Total Internal Reflection 
PURPOSE To show when light is completely reflected. 


CONTENT Light traveling from a medium with a higher index of refraction to a medium 


with a lower index will be completely reflected when th 
560 uc y n the angle of incidence exceeds a 


Total internal reflection occurs at all angles larger than the critical angle, 0 , which 
is defined by d 
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EMPHASIS This is an important subject which rounds out the discussion of what happens 
to light at the boundary between two substances. Students probably will have raised ques- 
tions earlier about internal reflection. The development suggested below is a „full“ 
treatment, which you may want to use or abbreviate depending upon how far your class 
has gone into this subject in other contexts. 


DEVELOPMENT As you look at larger and larger angles of incidence for, Say, air to 
glass 


air l | 
E | 
| 
| 


I 
glass I 
l 
3 4 


N — — 


1 


it is natural to apply reversibility and ask about a case not pictured above: 


| 
l ! l I 
i 
ae l l ! E 
| | 555 | ym l 
glass l | | | 
| | | 
1 2 3 4 5 
When presented with diagrams of this kind, students usually infer most of the facts about 
total internal reflection. In particular they should see that if a ray did refract into the air 
in case 5 above, Snell’s law would be violated. There is nowhere in the air for it to gol 
Students should see from this development that the possibility of total reflection occurs 


only when light ‘‘attempts to leave” a material of higher refractive index to go into a ma- 
terial of lower refractive index. z 


Students who make scale drawings to find an angle of refraction may have a moment 
of difficulty when they try to find a critical angle graphically. Steps in the two procedures 
are: 


lay off shortened chord 


air 
n=1 | | | 
"cp SS — 
| ` - N 
/ | \ i | \ 
\ l / \ BAST 
12 15 e N | REA boni . 
— =o =a m E bg — ae 
| l | 
any convenient measure and erect 


size circle divide by 1.5 perpendicular refraction 
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lay off shortened chord 


west ss 22352 05 sas 
Pod H T ge 5 . ESSI. 
/ | \ / \ \ ii i \ if \ \ 
| \ ! \ | \ 17 
glass \ / / / 
| | | x 
n=1.5 uou uf poen Naa y s 
| | | l 
any convenient measure radius erect critical 
size circle and divide by 1. 5 perpendicular angle 


If any students are still puzzled, or if you think they will be, have them find graphically 
the refracted angle in glass for an incident angle in air of, say, 88°. 


* * * 


You can use the idea of reversibility to describe the critical angle. From the previous 
development you will have shown (or be able to show) that, no matter what the angle of 
incidence for a ray traveling from air to glass (n= 1.5), the ray cannot be refracted more 
than 41.8* from the normal. Thus, for any given point on a glass surface, any incident 
light will be refracted within a cone (in the glass) whose vertex angle is 83.6*. Using 
reversibility, the student can see that, to escape from glass to air through the given point 
of incidence, a ray would have to travel within the same cone. 


* * * 


As a fooler“ you might give a quick -A~ 
problem in class: find the angle of re- i glass Pd | PS 


fraction in air. If very many students \ 
work for more than a minute, they don’t 
yet see the light! l 
air Sen 9n 
COMMENTS Students should not get the idea that all of the incident light is refracted until 


the critical angle is reached, then suddenl; 
y all of it is reflected. If a ray is incident 
glass from air, the percentage of reflection depends on the angle in air 0 i Ate. = o. 
SUME o 


2 
the percentage of 1 n-1 
p ge of light reflected is | Fy T) . As 0, increases this percentage remains 


constant through about 50° and then increases rather rapidly to 100%. 


about 4% reflected still about 4% reflected nearly 100% reflected 
air ~ = 
glass 
about 96% transmitted still about 96% refracted 


almost 0% refracted 


A» 
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In considering rays which start in the glass and make an angle of 9; with the normal to 

the air surface, you find that the percentage reflection for 0 is the same as the reflection 
for the corresponding 9,: As sin 96 approaches = (and sin % approaches 1), the reflec- 
tion approaches 100%. 1 


about 96% transmitted still about 96% almost 0% 0% refracted 
refracted refracted 
air 
glass E ~ 
about 4% reflected still about 4% almost 100% 
reflected reflected 


It will be helpful if you can set up a demonstration such as that pictured in Figure 13-11. 
In your demonstration, the gradual change of reflected and transmitted intensities will be 
clearer than is shown in the figure. The student should not be left with the impression that, 
at 0 9 an intense light beam skims along the surface. 


* k*k * 


After students have a qualitative familiarity with total internal reflection it will take 
very little class time to establish the equation for the critical angle: 


1 
9^ is the angle where sin 9, - 11 


* X * 


You may find it convenient to use the terms “‘optically more dense“ and “optically less 
dense’’ for describing substances with a higher or lower index of refraction, respectively. 
These terms are not in the text, but students accept them quickly as a simple method of 
describing the relative value of the index of refraction of a substance. Optical density” 
has nothing to do with ordinary density. Many substances with smaller indices of re- 
fraction are much more dense than diamond. 


* X * 


Some students with an aptitude for hairsplitting may worry about the concept of ‘‘graz- 
ing incidence”. If students seem troubled, suggest that they think of the sequence 89°, 
89.9*, 89.99°, etc. In this way they do not need to picture what happens when the light 
“grazes’’ the surface in a mathematical sense. cardboard cut to 


DEMONSTRATION With a coin below fit top 
small empty beaker in an evaporating dish, 
the coin is visible through the sides of the lis 
beaker. But when the beaker is filled 

with water and the top of the beaker cover- 
ed with cardboard, the coin disappears. 


beaker 


evaporating dish 
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Section 8 - Refraction by Prisms; Dispersion 


PURPOSE To indicate that the index of refraction depends (very slightly) on color, and 
that light is bent by a prism. 


CONTENT a. White light is composed of different colors. 


b. For almost all substances the index of refraction is larger for blue light than for 
red (. e., blue light is bent more). 


c. We can predict the path of light rays through a prism using Snell’ s law. 


EMPHASIS Dispersion is important both as a tool for examining the colors of light, and 
later (in Chapter 17) as a clue to the relation between color and frequency. Dispersion * 
can be covered at this stage quite rapidly. E 


COMMENTS At this stage, dispersion is defined simply as the spreading of white light 
into its colors, due to slight differences between the refractive indices for the various 
colors. Later in the text (in Chapter 17), after the students have learned that refractive 
index is related to wave speed, dispersion will be used in its more general, technical 
sense to signify that the speed depends on frequency. You should not introduce either 
speed or frequency now. 


Students Should now realize that Snell’ s law (with constant n) is only an approximation 
for white light. But remind them that if only a single color is present, Snell's law is 
exact. 


You will want to at least briefly discuss 
the path followed by a light ray of one color lass, n- 1.5 
through a prism. Students should see such 
ray tracing as an extension of the work on 
parallel plates to non-parallel faces. At 
each surface they have a refraction prob- 
lem to solve. A careful drawing is a good 
exercise that guarantees student under- 
Standing. 


Also students may enjoy the notion of an 
‘air prism’’ embedded in water or glass. 


H 
JJ Mes, a you ere lucky, — 
? : l » les 5 e as that of water. 
"rwn prias out that since you can see ice submerged in Cu PY as age 
ctive index. A student who knows that water expands a little as P Eds 


may guess correctly (without logi 
mey o deus ( ut logical foundation) that the refractive index for ice is less 
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The nice problem is to show experimentally that ice has the smaller refractive index. 
Tell students that a coffee cup, water, and an ice cube (a clear one) are all they need. 
Hold the ice cube beneath the water and look just over an edge of the cube at a spot on 
the cup. If n; < ny it is possible to see two spots simultaneously; otherwise not. 


N V. 


x : n,«n 


177w ay? ny 
two spots visible only one spot visible 


ADDITIONAL QUESTIONS for Section 8. (The following problems may be varied in a num- 
ber of ways for class discussion or quizzes. They might also be used as extra“ problems 
for good students.) 


1) An equilateral glass prism has an index of refraction n = 1.5. For the ray of light 
that travels through the prism parallel to the base, find the incident angle. 


Solution: 


If we can determine the angle r of refraction, Snell' s law will give the angle of incidence 
iimmediately. Since the ray in the prism is parallel to the base, it is perpendicular to 
the bisector of the apex angle. The triangles ABC and ABD are similar, and r = 30°. 
Thus, sin i= 1.5; sin 30° = 0.75 from Snell’s law, and i = 49°. 


2) Find the angle of deviation between the incident and emergent rays in problem 1 
above. 


Solution: From the symmetry, the ray 
in the glass makes an angle with the 
Ww normal to the second surface equal to 
m r. Thus the angle between the emer- 
gent ray and the normal is equal to i. 
The angle of deviation d is the angle 
between the dotted line extensions of 
the incident and emergent rays. A 
Simple way to find its value is to 
draw the line parallel to the ray in 
the glass as shown, and to note that 
it divides the angle d into two angles, 
each of which is equal to i- r by 
geometry. Hence: 
d- 2 (1- r) = 2 (49* - 30% = 38°. 
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3) Choose another angle of incidence and show that the deviation is greater than the re- 
sult of Problém 2. 


Solution: Students who need exercise may try incident angles slightly larger or smaller 
than in Problem 1 and follow through to find the deviation. It will be greater than in Prob- 
lem 2. 


The following observations may be 
helpful. It is easy to show generally 
that the two angles Ti and 12 in the 


accompanying figure obey r} + ro = 60°. 


This result follows from the fact that the 
two normals to the sides of the prism 
must make a 60° angle with each other. 
Thus the problem can be carried out 
analytically. Given a chosen value for 
ip sin 11 =n sin Ti gives n. 


= "- z= i 
T9 60 1 sin 12 n sin r, 
To find the angle of deviation d, again 
draw the line CD parallel to line AB and 


note that: d- 11 11 1 1 12. 


The Rainbow 
(Boxed material on pages 222-223.) 


While the rainbow is an interestin, 
g phenomenon that can be explained with thi 
aec anes deben dispersion, you may want to avoid a db been Bp 
e later parts of the course do not require an understanding of this material. You 


can treat the boxed informatio i 
Iion, n on the rainbow as a reading assignment with no class dis- 


For your convenience, Appendix 2 to this volume of the Guide answers questions which 


students frequently ask. In 
EE: y most cases, you will want to answer these questions after 


- 


ra 
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Chapter 13 - Refraction 
For Home, Desk and Lab — Answers to Problems 


Many of the problems which may appear, at first glance, to require trigonometry, 
can be solved graphically. Graphical solutions are instructive, but since they take time, 
you may need to be careful about giving too many in an assignment. Problem 15 is a 
rather interesting laboratory-type exercise which can be done at home and which will 
be enjoyed by many students. 


The following table classifies problems according to their estimated level of difficulty 
and the sections to which they relate. Those which are especially suited to class discus- 
sion and those which are home projects are indicated. Problems which are particularly 
recommended are marked with an asterisk (*). 


Answers to all problems which call for a numerical or short answer are given following 
the table. Detailed solutions are given on pages 13-16 to 13-28. 


— ̃ — 
3 
9 105 8, 92 10 


variation) j 
18,19,20 | 14,21% 17,21 


SHORT ANSWERS 


1. a) Usually the refracting material 9. See detailed discussion on page 13- 22. 
has no way of ‘‘telling’’ the ray 1 
which way to bend out of the plane 110. See detailed discussion on page 13- 23. 
of incidence. 11. 2.42. 
b) There are substances, e. g., 


calcite, for which there is a natu- 12. 1.46. È 
ral asymmetry that does this. 13. See detailed discussion on page 13- 23. 
2. 185% discussion on page 14. a) 189 om: 
; b) 12.7 cm. 


3. a) 0.3511, 20. 6*. 


b) 0.4670, 27. 8*. 15. Home project (experiment). 


c) 1.47. A 16. a) 1.34. 
b) 40.5*. 

4. a) 80°. 
b) 11 em. c) 60.4°. 


€ "n 
5. a) 9.04 0.3 em. 17. The quartz will be Invisible. 
b) 1.33: 0.05, comparable to in- 18. Increases. 54.7°. 


dex of refraction. 19. Endlessly around inside of cylinder. 
6. 32.1*, 5.8 cm. . 20. See detailed discussion on page 13- 27. 
7. Scale drawing. 21. a) 8.2* 
8. See detailed discussion on page b) Yes. 


13-22. c) Smaller. 
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22. 18.6*. 
23. 60°. 
COMMENTS AND SOLUTIONS 
PROBLEM 1 Can you give a reason why the incident ray, re- 


fracted ra , and the normal should all be in the 
sao planet Can you imagine a material in which 
this would not be true? 


This problem can be interpreted as a deep question or as a playful question. Viewed 
lightly, it asks students to give ‘‘common-sense’’ reasons for a fact they already know 
about the incident ray, the refracted ray, and the normal ray. 


In order to prove that in ordinary optical media the two rays and the normal lie in a 
plane one must assume Maxwell’s equations or their equivalent. Students will certainly 
not give an answer such as this! Just be sure that they do not think they have given a 
proof. Students' responses to this kind of question are unpredictable. Do not let them 
take themselves too seriously. The best and most frequently-given reason is that if the 
three rays did not lie in one plane, the refracted ray would have to lie on one side or the 
other of the plane determined by the incident ray and the normal. How would the refracted 
ray decide which side of the plane to travel in? It could not decide! Therefore, it must 
Btay in the original plane. 


Giving such arguments as the one above is a good intellectual exercise for students. 
in the case of the argument above, however, they should realize that the reason given is 
based tacitly on the idea that a transparent material behaves in the same way regardless 
of the direction from which the light ray enters it. This is a reasonable assumption for 
most transparent materials. However, doubly refracting materials such as a calcite 
crystal furnish a counter example. Consequently, it is impossible for students to give a 


reason” which is good enough to cover all cases. (Do not get involved in the details of 
double refraction here.) 


Students may answer the second question either way since some students are notoriously 
poor imaginers when it comes to school work. Regardless of whether they can imagine it, 
there are transparent materials in which a refracted ray does not stay in the expected plane. 
Such materials are rare and we will not be concerned with them in this course. 


In a material such as a crystal of calcite there is a lack of symmetry in the structure 
of the crystal which causes one of the refracted rays to turn in 7 Way. 


This exercise can be a pleasant activity if you do not push it (or let the class push it) 
too far. Avoid any of the details concerning double refraction. Conclude with gio ides AN 
e reason for belief that, in ordinary materials, the incident ray, the normal, and the re- 


fracted ray lie in the same plane is 
tithe labora: p that this i8 what we observe when we test such materials 


PROBLEM 2 (a) What are the sines of the followi angles: 
4°, 30°, 45°, 60°, 73°, 17.8°, 3h35 90? 5 ; 
(b) What are the angles that have the follow- 


ing sines: 0.1045, 0.0000, 0.3090, 0.8660, 1. 
0.5009, 0.5225, 0.9636? 12 75 


(c) Plot sin i versus i from 0° to 90°, 


a) Angle Sine Angle Sine 
4° 0.0698 73° 
: 0.9563 
30° 0. 5000 17. 8° 0.3057 
45 0. 7071 37.3* 0. 60 
60* 0. 8660 90* 9995 


b) Sine Angle 
0.1045 6° 
0.0000 0* 
0. 3090 18* 
0. 8660 60* 

c) 

1.00 
0.8 
0.6 
— 
4 
a 0.4 
0.2 
15° 30° 


Sine 


1. 0000 
0. 5000 
0. 5225 
0. 9636 


45° 
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75° 90% 


There are occasional weird interpretations of this problem. Some students who are 
experts in trigonometry think that in part b) they are to give all angles, or rather formulas 
for all angles, having these values as sines. The problem intends that only angles between 
0° and 90° be considered. -Also, an occasional student assumes that there is something 
special about the particular angles and sines of angles which are given and thinks he should 
memorize them. Be sure that students recognize that there is nothing ‘‘special’’ about the 
angles or the values given except that if one is dealing frequently with angles and their sines 
it is convenient to remember values for such angles as 30°, 45°, 60°, etc. For this course 


such memorization is not necessary. 


PROBLEM 3 A rectangular tank 8 cm deep is filled with water. 
A light ray enters the top surface of the water at 
a point just touching the side of the tank. After 
refraction it falls on a point on the bottom of 
the tank 3 cm from the same side of the tank. 

(a) What is the sine of the angle of refraction? 
What is the angle of refraction? 

(b) What is the sine of the angle of incidence? 
What is the angle of incidence of the entering ray? 

(c) Suppose that the same tank were filled with 
a liquid other than water and you found that in 
order to fall on the same point 3 cm from the side 
the angle of incidence of the entering ray had to 
be 31 degrees. What is the index of refraction 


of the liquid? 


Students can do this by a scale drawing and construction, or they can use the tables to 


find r. Using the second method, 
02 = 82 + 32, and c = /73. 


a) sinr=—pe= 0.9511. The angle of refraction r= 20. C. 


b) sin i= 1.33 sin r = 0. 4670 from which i= 27.8° 


tank 3 


3 cm 


PROBLEM 4 A narrow pencil of light enters the top surface of 
the water in a rectangular aquarium at an angle of 
incidence of 40°. The refracted pencil continues 
to the bottom of the tank, striking a horizontally 
placed plane mirror which reflects it back again 
to the surface, and it is again refracted as it 
emerges into the air. 

(a) What is the angle between the incident ray 
m the water and the refracted ray emerging 
from it? 

(b) If the water in the tank is 10 cm deep, what 
is the distance between the points on the water 
surface where the ray enters and where it emerges? 


a) A good student may look at this prob- 

lem and say, This is a perfectly symmet- | | 

rical situation so the angle between the 

entering and emerging rays is twice the ul 

angle of incidence, or 80°.” Other students l 

may approach the problem more prosaical- 

ly by graphical construction or computation- 

ally. We know that Z1 = 40°. By Snell’s law 

n sin 42 = sinZl. By geometry Z2 = 23. By 

the second law of reflection Z3 = 44. By ge- 

ometry 44 45, Finally, by Snell's law, using 
the reversibility of light rays, n sin Z5 = sin or 

£6. But since Z2 = Z5, sin Ż1 = sin 26, and B (ej D 7 

4146 = 40°. The angle between the incident m 

ray and the ray leaving the water is Z1-- Z6 = 80°, mirror 


This problem situation reminds us of a glass mirror silvered on w 
: red 
still true that the angle of incidence is equal to the angle of reflecti back where it is 


b) The distance AE on the water surface between th 
e point 
leaves the water is, since Z3 and 24 are equal, just 2 AF. We kone T 5 D sei x 
sin £3 = AE. = gin 42 = 10.40" 0. 4833 z 
ic 1.33 $ By the Pythagorean theorem AC = NV + FO) 
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AF = 0.4833, AF = 5. 52. Thus AE = 11 cm. 
VFA + 10° 


We have avoided the use of tangents. Using them would make the problem less involved. 
Unless the students know trigonometry, it might be best to avoid confusing them with trigo- 
nometric functions other than the sine. ‘ 


A graphical construction should be equally good— and may be faster than the analytical 
calculation. 


PROBLEM 5 Make a drawing (to scale) of the side view of an 
aquarium in which the water is 12 cm deep. From 
a single point on the bottom draw two lines up- 
ward, one vertical and the other 5° from the 
vertical, Let these represent two light rays that 
start from the point. Compute the directions in 
which the refracted rays will be traveling above 
the surface of the water, then dfaw in these rays 
and continue them backward into the water until 
they intersect. 

(a) At what depth does the bottom of the tank 
appear to be if you look straight down into the 
water? Does this help to explain the phenome- 
non shown in Fig. 11-2 (a)? 

(b) Divide the apparent depth into the true 
depth and compare with the index of refraction of 
water. 


This is a good graphical construction problem on Snell’s law which leads to the idea of 
‘apparent depth’’. - 


A student who makes a careful and large drawing (scale 1 cm = 1 cm) should be able to 
get the following answers: 


a) apparent depth = 9.0 + 0.3 cm. 


true depth 
b) apparent depth 1. 33 4 0.05. This 


value agrees within the accuracy of draw- 
ing to the index of refraction. 


A computational solution is as follows: 


a) From Snell’s law r = ZABD = 6. 66° 
AD = AC sin 5°= 1.05 cm 


G 


wel ADE 2170509 
“Tan 6.66* 0.1167 — 99 em 
b) The ratio of AC/AB = 1.33 0 


which is the index of refraction of 

water. This result should be expected for small angles but not for large angles. Note that 
by definition n= FG/CE and since AD = CE, n= FG/AD. But then by similar triangles 
FD/AB - FG/AD. The true depth AC - DE. So the true depth/apparent depth - DE/AB - 
FD/AB X DE/FD = n X DE/FD. For small angles of incidence, DE is nearly equal to FD, 
but for large angles FD becomes close to zero and the apparent depth goes to zero. For 
example, with i= 5°. DC = DG = AC/cos 5°, FD = DG cos r = 12 X cos 6. 66*/cos 5°, 

and DE/FD = 12 cos 5*/12 cos 6.66°= 1.003. For i= 30°, DE/FD - 1.16. 
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6 A person looking into the aquarium described in 
EY. Problem 5 Su Dot coming from the bottom. 
The light that reaches his eye is traveling along a 
line that makes an angle of 45* with the vertical. 

(a) At what angle with the vertical must the 
light have been traveling in the water? 

(b) Makea drawing, like that called for in Prob- 
lem 5, showing the path of the ray. Then draw 
another light ray from the point on the bottom 
at which the first ray started, making its path 
in the water about 5° closer to the vertical than 
was the first ray. Compute and draw in the path 
of this ray above the water. 

(c) At what depth does the bottom appear to be 
when viewed by the person who is looking into 
the aquarium? 


This problem i8 harder than Problem 5 but not as fundamental. Students should do 
Problem 5 first. M 


By application of Snell’s law: n sin i, = 
sin 45°, sin i= 0.5317, iy = $2.1°. Then 


12 = h - §° = 27.1*, and, again by Snell's 
Jaw, sin r=n sin 27.1° 0. 6058, ra= 37.3°. 


Finding the apparent depth in this prob- 
lem is rather tricky. When the refracted 
rays above the water are extended down into 
the water, their extensions do not meet di- 
rectly above the source of light. A calcula- 
tion of the apparent depth by just finding the 
intersection of one of the rays with the verti- 
cal is not correct. The easiest way to find 
the point at which the extended rays intersect 
is to draw an accurate diagram. The value, 
calculated by analytic geometry, is 5.8 em. 
This is the accurate apparent depth. Note 
Pieds yah depth“ is not the same 
a8 roblem 5. When the term ‘‘apparent depth'' is used 
mis di without being qualified, it 
Pun a d for rays near normal incidence (as in the case of apparent depth for 
Given: AB = 12 m, n= 1.33, r= 45°. 

By calculation: 11 = $2.1°. AD = 7.5 cm. 
i, = 27.1° AC = 6.1 cm. 
Ty = 37. 3° AG = 8.0 cm. 


1 i Pea 7.5 em. 
= apparent depth = 5. 8 em. 
One rather careful graphical analysis gave 5.65 em. 


— — —6— 
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PROBLEM 7 A meter stick is dipping into a tank of water. It 
makes an angle of 30° with the horizontal surface 
of the water and its mid-point is just at the sur- 
face. Suppose that your eye is located directly 
above the submerged end of the stick. To find 
how the stick will appear to you, make a scale 
drawing showing a side view of the stick and 
the water. Draw two rays upward from the sub- 
merged end of the stick, each being 3° from the 
vertical. Compute the direction of the refracted 
rays above the water, draw in these rays, and 
continue them backward into the water until they 
intersect. The end of the stick will appear to 
be at this point. Draw a line connecting the 
point just determined with the mid-point of the 
stick and compare your drawing with Fig. 11-1. 
How do you account for the bent-stick illusion? 


Probably the best way to work this problem (as indicated in the instructions) is to 
compute the angles from Snell’s law, but locate the points of intersection using a scale 
rawing 


From n sin 3* = sin r= 0.0696, 11 4. 0˙. 


From here on, most students should proceed graphically. However, the analytic solution is: 
AB = AM tan 30° 


AD = AB tan 3° 
AC = AD cot 4° ^ 5 
which gives AG . tn 20-1021. 0. 48 = tan 0, and 0 = 23.4*. 


However, drawing the straight line between C and M to represent the image of the stick 
in the water is not quite accurate. If the observer's eye is close to the water, the stick 
appears to be curved: 


Y eye 


actual meter stick 
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rtional to the actual depth only 
We saw in Problem 5 that the apparent depth is propo: 
for small angles of incidence. But if the eye is close to the water, the 5 pue is 
less than 1/n times the actual depth. After students have completed this problem, it is a 


good subject for class discussion. 


8 In the instructions given in Problem 7 it was 
pT assumed that the plies of the stick that was 
under water would appear to be straight and that 
the apparent position of the stick could therefore 
be determined by drawing a straight line con- 
necting the apparent position of the end with the 
place at which the stick entered the water. Sup- 
posing that your eye was 60 cm above the water 
surface and vertically above the submerged end, 
can you invent a way of finding out where a point 
on the stick 20 cm from the submerged end would 
appear to be? If so, you could check on the ac- 
curacy of the assumption. Do not bother to make 
a scale drawing for this purpose. Instead make a 
rough sketch and describe the process that you 
would use. 


This exercise on apparent depth combines the concepts developed in Problems 5, 6, and 
7. It is probably best used as a class discussion question. 


Students are asked how to find where a point 20 cm from the submerged end of the stick 
would appear to be. This problem is very difficult and can be done only by trial and error, 
i. e., choose a ray from the 20 cm point going off at a likely angle, and see if it hits the 
eye. If not, try another angle until two rays very close together both go toward the eye. 
Extend these rays from the eye back into the water and see where they intersect. This is 
the apperent position of the 20 cm spot on the stick. 

[2 D 


An easier approach to a proof that the 
Stick appears curved is to draw a ray from 
the eye at some particular angle and follow 
it into the water and see where it hits the 
Stick. Suppose you draw bent ray ABP. 
Take another ray from P ahd extend it back. 
Call it ray PCD. The apparent intersection 
d ap and DC is the apparent position, P’, 
of P. 


It will be seen that the three points Q’ 
(the image of Q), P’, and O do not lie ona 
straight line. 


PROBLEM 9 


Q 


Light from the setting sun comes through the 
earth's atmosphere along a curved path to your 
eye, so that the sun looks higher in the sky than 
it really is. How do you explain this? Illustrate 
your answer with a diagram. 


This problem, involving the bending of 
‘nny potas ae iene RUN 1 a light ray in eir of varying index of kefraction, 


Since the index of refraction for air is 
rarefied air is in between the index for e e ee vA 5 rs p. 
pressure of air drops as the altitude increases, and the index also dro; Mn ‘altit idi h- 
oe Assume, for simplicity, that the atmosphere is made of 0 layers cet h 
gher layer having a Slightly smaller index than the layer below, but vh Eek layer hav- 


ing a constant index within that laver. 
refraction has been greatly amies AS TAT eee ee airam in which the 


Thus a setting sun is actually already 
below the horizon; it is only through re- 
fraction that we see it. Also, many mi- 
rages are caused by refraction between 
layers of hot, thin air and cold, dense i - 
air. (There is a quantitative discussion ^ 
of layer problems“ in the Guide for 
Section 6 of this chapter.) 


PROBLEM 10 Be prepared to discuss why turning Fig. 13-8 
upside down shows you à way to prove the re- 
versibility of light paths, 


This exercise can be used as the basis of a class discussion. 
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Turning Figure 13-8 upside down shows the path of light through the glass in a direction 
which is the reverse of the path in the figure as normally viewed. The complete symmetry 


between the two paths argues strongly (a little short of proof) that light is reversible. 


PROBLEM 11 If the relative index for light going from glass into 
diamond is 1,61 and the absolute index of glass 
is 1.50, what is the absolute index of diamond? 


na P 
If — 2 1.61 and n -1.50, then n. n * = = 1.50 & 1. 61 2.42. 
ne g d g ne eee 


PROBLEM 12 If the relative index for light going from oleic 
acid into water is 0.91 and the index of water is 
1.33, what is that of oleic acid? 


ur Mee 


n 
HN = 0.91, and n, = 1. 33, then n.. = ——7- = 1.46. 
no w QE 0.91 
PROBLEM 13 With a square block of glass it is impossible, when 


looking into a side, to see out of an adjacent side. 
It appears to be a mirror. Using your knowledge 
of geometry and the critical angle, prove that this 


must be true. 
If we are to see an object out of an adjacent side of P^ 
the square block of glass, it must be possible for a ray D 


to come along a path like AB and be refracted out along 
a path like CD. Light coming in nearly parallel to the 
face of the cube (as along AB) has the best chance“ of 
Success. Along a path like AB, the angle of incidence is 
near 90°. Then by Snell’s law, sin 90°= n sin r= n sin 


eO, or sin rA NB and r= ZGBC = 41.8°. B 
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But we see that ZGCB, the least possible 
incident angle of the ray reaching the block 
at point C, must be 90* — 41. 8° = 48. 2°. 


An angle of 48. 2* is greater than the 
critical angle for glass (41.8). Therefore, 
all light traveling along the path AB will be 
reflected back into the block at C, and none 
will reach the eye along the path CD. If 
AB enters the cube with a smaller angle of 
incidence than 90*, then ZGBC is smaller 
and ZGCB is larger, so there is still total 
internal reflection. 


Supplementary Note: The problem could 
just as well have asked about a rectangular 
block of glass instead of a square one. In 
fact, it simply could have asked about the 
possibility of light getting across a right 
angle. 


You might begin an interesting dis- 
cussion by substituting a cube of water, 
n= 1.33, for the cube of glass. Then the 
calculation shows that the ray can leave 
the cube. 


Next, you might ask what index would 
just allow a ray to leave the adjacent 
face. The borderline case is a material 
for which n= /2. Fancy extensions of 
this problem can be obtained by consider- 
ing angles other than right angles. 


Finally, a good test of the students’ 
qualitative understanding of refraction can 
be had by asking about a cube of water en- 
closed with glass sides. The ray could 
leave by the path shown here: 


the beam to the side. 


The angle ABE is the same as it would be without the glass. 


PROBLEM 14 


of the jar, 


(a) Calculate the area of the surface of carbo. 
disulfide through which the light passes, 10 

(b) What is the greatest distance in the carbon 
disulfide traveled by a ray that emerges from the 


surface? 


Carbon disulfide (refractive index 1. 
into a large jar to a depth of 10.0 ci 
very small light source at the center of the bottom. 


Um 
D 
C 
B 
The glass merely displaces 
K 
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a) Light will pass through the surface of the cs, from below if, and only if, the angle of 


incidence is less than the critical angle; in other words light within the cone ASC can leave 
the.surface of the CS,. In part (a) we are asked to find the area of the base of the cone which 


is TAB)? - 16802. We know that AD = 10 em. The critical angle is given by sin,90° n 
sin 9,» so sin 0% = 1/n = 1/1. 63 = 0.613, from which 9, = 37.8°. Now sin 9. = DS/AS = 


AB/AS = 0.613. If students have not been introduced to tangents, they will have to use the 
Pythagorean theorem to find AS. 


Ks? = AB” BS = AB? +100, and AS=/AB~ + 100 
AB 


Then, = 0.613 
"ES * 100 


2 _ 100 X 0.376 . 2 
AB +g 2 60.3 cm’. 
2 


And the area is (AB)? zT7X960.3 cm? = 189 m 


b) In part b) students are asked to find the longest distance travelled by a ray which em- 
erges from the surface. This is the distance AS. 


From above, AS“ = 60.3+100, and AS = 12.7 cm. 


PROBLEM 15 As a home project use a plastic cheese box (see 
Experiment Il-3 in the Laboratory Guide) to 
measure the critical angle in water. 


Place the semicircular cheese box on N 

a sheet of paper and draw its outline on A 
the paper. Fill the box with water. Stick 

2 pin vertically in the paper next to the box N. c 
at the mid-point of the straight side (the 
diameter). Now look at the pin through the 
curved part. Stick two other pins next to J 
the curved part at the two angles where the v 
image of the first pin disappears. Remove 9 
the box, draw the necessary lines, measure 
the critical angle and calculate the index of 
refraction. 


This is a good problem to be done either 
at home or in the lab. The students must (0) 


realize that it is where the rays from the 
first pin (O) first enter the liquid that the critical bending occurs. That is, an eye placed 


at A can see the pin. So can one at C (or rather at angles a very little smaller than 0%). 
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i i i hlo- 
16 The absolute index of refraction of sodium ch 
NUBE ct ride is 1.54 and the relative index of refraction 


for light going from sodium fluoride to sodium 
chloride is 1.15. What is s 

(a) the absolute index of sodium fluoride? 

(b) the critical angle of sodium chloride? 

(c) the critical angle between the two salts? 


21.54. 1.34. 


n 
a) NaCl - 1,15, and n, (71.94. Therefore, tyap 1.15 ^ 1.34 


r NaCl 


Here the students need to remember that the absolute index must always be greater 
than one. 


T 
b) sin , (NaCl) = = 0.6494, and 0 (NaCl) = 40. 5*. 
5 nyaci d 


] 


Brel 


The students should be encouraged to go back explicity to Snell’s law, and you should 
be sure they understand that light going from NaCl to NaF may be critically reflected, but 
not In going from NaF to NaCl. 


c) sin % (rel) = = 0.8696, and 9, (rel) = 60. 4*. 


PROBLEM 17 What will you see when you look at a piece of 
fused quartz submerged in oleic acid (refer to 
Table 3)? 


Fused quartz and oleic acid both have the same index of refraction, and both are color- 
less, Since light will pass through the interface without being refracted or reflected, there 
is no way of “‘seeing’’ the quartz at all, unless there are internal imperfections. You might 
mention that a truly invisible man would have to be colorless and transparent with an index 
of/refraction equal to that of air. 


DEMONSTRATION Commonly available materials with nearly the same index of refraction 
are ordinary mineral oil and lucite or plexiglass. A mixture of benzene and alcohol, in the 
right proportions, has the same index as pyrex. Some of your students who have studied 
biology may have seen tissue specimens mounted in Canada balsam which has the same index 
of refraction as the glass used for microscope slides and cover glasses. 


PROBLEM 18 To the jar in Problem 14 we add 5 cm of water. 


(The water will not mix with the carbon disulfide 
but will float on top.) 
(a) Does this increase or decrease the area of 


the cone of light as it emerges from th 
he cone E e ca 
disulfide into the water? È 915 


(b) Calculate the critical angle at the surf: 
between the carbon disulfide sd the water. "i 


larger in this c Be. The critical ang = in 90 
a le at the CS O surface is fo 
Dos Sin 0 , and 0 = 54, 7°. 


NOTE It is interesting to note that if we rest: 
rict 
the water at the water-air Surface, then the cone 8 p: jns E nei will eere 
2 e same as in Problem 14. 
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To find the maximum surface area of 
tne cone of light leaving the water, we 
must suppose that light leaving the water 
at A just grazes the surface. This light 
must have come along the path BA. The 
angle FBA is found from: 


n, Sin 90° = "RO sin ZFBA 
sin ZFBA = (1.33) 1 = 0. 7519 
ZFBA = 48. 8°. 


This light must have come from CB, where 
"cs, sin ZDCB = "1,0 sin ZFBA 
1.63 sin ZDCB = 1.33 sin ZFBA 
= 1.33 X0.7519- 1 


sin ZDCB = (1.63) | = 0.613 
ZDCB = 37. 8°. 


Notice that the ZDCB is the same as the angle of the ray that escaped in Problem 14. 
Thus DB is the same as the radius of the cone in the cs, of Problem 14. 


PROBLEM 19 A light source in a cylindrical glass container 
of carbon dichloride (C Cl.; n = 1.50) sends a 
pencil of light from a point on the circumference. 
The pencil is parallel to the bottom and makes 
an angle of 45° with the radius. (See Fig. 13-21.) 
What will be the path of the light? 


This problem on critical angles shows an example of light ‘‘piping’’. 


From the geometry we see that the c 
light beam makes an angle of 45? with 
the normal to the surface at B. Note 
that the interface between the carbon 
dichloride and glass is irrelevant. The 
index of refraction of carbon dichloride 
is 1.50, and the critical angle is 41. 8*. 
Since the angle of incidence is greater 
than the critical angle, there will be 
total reflection. The same situation 
occurs the next time the light ray hits 
the wall of the cylinder, and the next, 
and the next; so, the light beam will 
retrace itself endlessly around the in- 
side of the cylinder, gradually being 5 
absorbed. (Instantly absorbed from our Source 
point of view.) 


PROBLEM 20 Show that the angle of the cone of rays reaching 
the fish from above the water is about 98°. (See 


Fig. 13-12.) 
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If 0 is the critical angle, the angle of the 
cone of rays reaching the fish is 29. 
gin 0 = in, = 1/1.33 = 0.751, and 


9= 48.8%. 29=97.6°. 


PROBLEM 21 It is possible to place carbon disulfide, water, and d 
kerosene in separate layers in that order, since 
they do not mix. A container having these three 
liquids in layers of equal depth has on its bottom 
a light source which projects a pencil of light 
upward through the liquids at an initial angle of 
5? from the vertical. : 

(a) Calculate the angle of refraction of the ray 
as it finally emerges from the kerosene. 

(b) Would a pencil of light travel over the 
same path in the reverse direction from kerosene 
through water into carbon disulfide? 

(c) Suppose the cylinder had been filled with 
water only. How would the angle of refraction 
of the emerging ray compare with the angle cal- 
culated above? 


This problem on relative refractive 
index encourages algebraic work since 
one of the refractive indices is not given 
(but turns out to be unnecessary). If you 
assign this problem without warning, Some 
Students will go to the trouble of looking up kerosene 
the refractive index of kerosene. But if 
you warn students against this, it will take 
away the surprise. 


a) We do not know the refractive index 
of kerosene, but we find that the final re- 
fractive angle, F, can be determined with- 
out it. From Snell’s law, 
"oa, sin 5'-n, sind, =n, sin 0, = sin 9 · 


Therefore, sin Lm 7 1.63 sin 5* or 9 ir = 8.2°. 


b) The answer is yes, but it should be emphasized that reversibility is an empirical law. 


c) For water only, the e of th 
ree pes ly, m pres e emerging ray would be smaller than in part (a) and can 


1.33 sin 5-1Xsin0., sin 0 ir 7 0.1160, and 6 


d 


An 6.7°. 


PROBLEM 22 A ray of light enters a triangular prism perpendicu- 
lar to one face and emerges from the opposite face. 
The prism faces make an angle of 30° and the 
pon has an index of refraction of 1.50. Through 
what angle will the light be deviated i i 
through the prism? * HEUS 


- 
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Since the ray enters the prism perpen- 
dicular to the face, it is refracted only as 
it leaves the prism. By geometry i= 30°, 
and by Snell’s law: 

1.50 X gin 30° = sin r= 0. 75 

r= 48. 6*. pus 
Then the angle of deviation is r— i — 18. 6*. 
It should be pointed out that the angle of 
deviation is not the angle of refraction. 


PROBLEM 23 If the prism in Problem 22 were equilateral, 
through what angle would the light be deviated? 


This problem asks the student to trace a ray through a prism. He must realize that 
the ray totally reflects rather than refracting at the second face. 


The interesting point about this prob- 
lem is that the student is forced to recog- 
nize that deviation, although discussed in 
the text only with regard to refraction, is 
also applied to reflection. The angle of 
incidence, i, is greater than the critical 
angle. The ray is reflected off the second 
face of the prism, and by the second law 
of reflection and geometry there is no 
further deviation. The angle of deviation 
is 60°, 
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Chapter 14 - Lenses and Optical Instruments 


Just as mirrors can be shaped to converge light by reflection, so most transparent 
substances can be made to converge light by refraction. Beginning with a set of tapered 
prisms, as a means to this end, the idea is extended first to a smoothly curved cylindri- 
cal lens and then to a spherical lens. The focal length is used as the basis for drawing 
ray diagrams to find images and to determine magnifications. 


The discussion of lenses in cameras, projectors, microscopes and telescopes gives 
an interlude of “gadgetry” before tackling the hard problem of figuring out why light 
behaves the way it does now that we have learned how it behaves. 


CHAPTER EMPHASIS 

These subjects are interesting to students. You should cover image formation thor- 
oughly. However, it should not take long because many of the ideas are similar to those 
used in analyzing curved mirrors in Chapter 12. 


Lenses, image formation, and lens instruments as such are not essential to an under- 
standing of later chapters in this volume. However, when students later work with 
ripple tanks in studying water waves as analogs of light waves, they will see convergence 
(focusing), divergence, and other properties of “lenses” for water waves. A reasonable 
familiarity with the material in this chapter will help students appreciate such analogies, 


Laboratory work will reinforce this chapter and vice versa. Experiment II-4 should 
be performed before the discussion of Section 3. 


SCHEDULING CHAPTER 14 
14-week schedule 9-week schedule 
for Part II for Part II 
Class Lab Class Lab 
Periods Periods Exp t Periods | Periods | Exp't 
E senate m rm 
V CE. stich UR re BAR 
. „ 


a . 
bir on] EE 
ZIEL D qw 
ER 
RELATED MATERIALS FOR CHAPTER 14 
Laboratory. Experiment II-4, Images Formed by a Converging Lens, is a good experi- 


ment, but is similar enough to II-2 to be omitted if your students did that experiment and 
you are short of time. 


Home, Desk and Lab. The following table classifies problems according to their esti- 
mated level of difficulty and the sections to which they relate, Those which are especially 
suited to class discussion are indicated. Problems which are particularly recommended 
are marked with an asterisk (*). Answers to problems are given in the green pages: 
short answers on page 14- 19, detailed comments and solutions on page 14-20to 14- 36, 
Problems 18 and 19 are difficult problems that might be used near the end of your work 
on this chapter. 


Films. There are no PSSC films designed for this chapter, 


Materials. Students can design their own optical experiments and devices from surplus 
optical supplies offered by several companies. Two such companies are: 


Edmund Scientific Company A. Jaegers Optical Company 
101 E, Gloucester Pike Merrick Road and Horton Avenue 
Barrington, New Jersey Lynbrook, Long Island, New York 


Section 1 - The Convergence of Light by a Set of Prisms 
PURPOSE To show how a beam of parallel light can be made to converge along a line. 
CONTENT a, A set of prisms can be arranged so as to converge parallel light. 


b. The size of the region of convergence can be reduced by replacing each prism with 
several sections of smaller ones, each having smaller vertex angles, 


c, As the number of prisms is increased indefinitely, smoothly curved surfaces are 
approximated, Lenses with such surfaces converge parallel light to a line, 


EMPHASIS Students should understand this section. This should not take long because of 
their previous experience both with refraction and in approximating a parabolic mirror 
with plane mirrors, 


COMMENT By the time students reach this section, most of them will be able to use 
Snell's law to trace light through a prism, However, some students will not readily 

have a qualitative feeling for whether the light bends “up” or “down” unless you point out 
explicitly that a light ray bends toward the thicker part of the glass. You can mention this 
frequently, However, even after students are familiar with this mnemonic they should 
occasionally apply Snell’s law at each refracting surface of a lens, j 


CAUTION It is best not to mention waves or wave fronts at this i 
course, students will see that the bending of light rays toward err we 
glass can be remembered by: considering what would happen to a set of parallel wave 
fronts if they encountered a region in which their speed is changed, Introduction of 
wave fronts at this time is not necessary, and jumps considerably ahead of the text’s 


development, At this point we are not tryin in li 
describe ton Me NM RAE ying to explain light, but rather to note and 


DEVELOPMENT Some students may not fully understand how prism combinations pro- 
duce convergence, You can clarify the idea and start a stimulating class discussion if 


you ask a series of questions such as the following: 


1. 


“thin” prism bend light more? (You [] 


How would a change in the vertex 
angle of a prism affect the bending 


oflight? Does a "fat" prism or a greater than 


c 


will need to be careful about making 5 
, Bin oF 


the prism too “fat”, For light 
parallel to the base of the prism, 
when the vertex angle of the prism 


exceeds A , total internal re- 
c 


flection occurs.) 


How would you arrange a selection of glass pieces such as 


„ 


to concentrate a beam of light most intensely near a line? 


(Many students will know immediately that 


will work the best. Here is a place to call on slower students.) 


What would happen to the direction of emerging light if AN were cut in half and 
replaced by A N 2 
What would happen if A were replaced by A L] N ? 


How can you make ES have a smoother outer surface? 


A 
2 
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Students should realize that 


Á becomes becomes 
M 


(Note: This process of "building up" a Smooth lens is essentially the opposite of the 
development of the idea of a Fresnel lens. See Problem 3 on page 234.) 


COMMENTS If a student brings up the problem of different colors (dispersion), you can 
answer either that this effect is small (refer to Chapter 11, Section 6), or that he should 
assume for now that the light is of a single color, In Section 7, the effects of chromatic 
abérration are mentioned, 


The statement that a lens is a device which can redirect a light beam through refrac- 
tion (lines 3 and 4 of Section 1) is not intended as a technical definition, but as an initial 
approximation, A more precise definition is not needed at this point, 


Problem 2 will provide a surprise and will 
remind the students that not all prisms always 
refractlight, If you assign this problem, be 
Sure to point out, after students have done it, 
that total internal reflection will not be involved 
in the lenses they will study in Chapter 14. 


Problem 1 asks students to determine the ap 89 ? x : 
proximate ‘‘focal length" of a “ lens’ 
Pince e: of three prisms, This is a good exercise to accompany this section, Even 
ough the problem asks for the focal length to just one significant figure, you may need 


to 
kin. s that precise mathematical treatment of a physical approximation is not 


Section 2 - Lenses 


PURPOSE To describe the physi 
the related optical proportion: cal characteristics of lenses, and to indicate some of 


CONTENT a. For precise focusing of li 


“ideal” surface is very close to circular M ee ores tenses, the 


b. Lenses with two spherical surfaces 
c l (thick in the middle, 
converge light at a point, If an incident beam is parallel to the lens axis, the light con- 


verges at a point on the axis called the principal ipat 
focus to the center of the lens is called the foral — aa — : 


c. For thin lenses, 
the light enters, 


thin around the edges) 


the focal length is the same 
2 € no matter which side of the le 
Decreasing the radius of either or both of the Spherical Bi ces of 
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a lens shortens its focal length, Relationships between the structure of a lens and its 
focal length are expressed quantitatively in the lensmaker’s formula. 


where nis the relative index of refraction of the lens, and RI and Ra are the radii of 
the two spherical surfaces, (While not mentioned in the text, you may want to note that, 


n 
for a lens immersed in a medium, n = 22 


Pmedium 


EMPHASIS Treat the qualitative ideas thoroughly, Do not require the students to 
memorize the lensmaker's formula, It is enough if they know its qualitative features. 
Do not introduce a sign convention to deal with diverging lenses. 


EARLY LAB Many teachers have found that a brief, informal, and early laboratory 
exercise is extremely helpful in introducing the student to spherical and cylindrical 
lenses, focal length, etc. Without this, some students do not properly interpret the 
Shape of lenses from the cross-sectional diagrams, Students should handle lenses and 
they should actually see both focal points and images. After this type of laboratory . 
exercise many students can read the text more intelligently. This would be a good time 
to do Experiment II-4, Itis somewhat more quantitative and leads to the mathematical 
results of Section 3. 


If you are short of time and do not do this experiment because of its similarity to 
Experiment II-2, it will be especially important to give students a few minutes to get 
the “feel” of lenses and prisms either in class or laboratory. 

Able students will probably enjoy understanding the 5 4 : relationship as well 
SjS, = 1?; but even for able students, you will be far safer to stick with Si So = f? until it- 
is thoroughly understood, 


COMMENTS The similarity between the development of the spherical lens from the 
cylindrical lens, and the development of the spherical mirror from the cylindrical mirror, 
Should be stressed. 


Able students may wonder why the difference between the ideal surface and the spher- 
ical surface in the case of lenses does not seem to be emphasized to the degree it was 
for mirrors, This subject is discussed for mirrors in Chapter 12, Section 9, and for 
lenses in Section 7 of this chapter, You can explain that spherical surfaces are used 
for convenience of manufacture, and that, for most applications, good lenses are 
usually made by combining several lens elements of different shapes and different in- 
dices of refraction, The types of glass used, and the shapes of the elements in such 
compound lenses are suitably chosen to minimize the major troubles for a particular 
application, Non-spherical surfaces are intentionally used in some fine optical systems, 
and also, surprisingly, in some very crude ones where the lenses are cast rather than 
ground and polished (e. g., condensing lenses in some projectors and photographic 
enlargers). 


CAUTION Stress the qualitative features of the lensmaker's formula, If the light is 
bent more, the focal length is shorter; therefore a “bulgier” lens (or one with smaller 
radii) has smaller values of f. Similarly, a large relative n decreases f. A good way 
to stress these qualitative features is to ask the class what happens in the limiting cases 
(e. g., if the surface is plane, i.e., R gets larger and larger; if n approaches 1; etc.). 


Do not give students many problems in which they merely substitute numbers in the 
lensmaker’s formula, If you do, they will merely memorize the formula and may lose 
Sight of its qualitative features--which are the important ones for students to use, 
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DEVELOPMENT You will not need to give students a positive and negative sign conven- 
tion for dealing with concave surfaces or negative, diverging lenses. Even in advanced 
courses, the sign conventions often cause confusion. You will not have trouble with the 
formula as long as you restrict it to converging lenses. 


You may want able students to treat negative or diverging lenses as, for instance, in 
Problem 11, In any case, you will want to defer such discussions until after Sections 3 
and 5. The lensmaker's formula can be used if both surfaces of the lens are concave. 
x is added to uU . The fact that this lens causes light to diverge is known to students 

1 2 
from the fact that it is thin in the middle. Of course with careful ray tracing students 


can handle any lens--and, in some cases, even reason out the application of the formula. 


Problem 6 is an example of a case where n in the lensmaker's formula requires not 
the index of refraction for glass in air, but rather the relative index for glass in water. 


n 
In the formula you should use n= —8/888_ oe Section 13-6. 
r 


Lenses in which one surface is concave and the other convex are called meniscus 
lenses. For such lenses, since the two surfaces give opposite effects, 1/R, is sub- 
tracted from 1/R, (or vice versa). If such a lens is thicker in the middle than at the 
edges, it is converging, or “positive”, If the edges are thicker than the middle, “it 
is a diverging lens (and may be called “‘negative’’). 


When a student begins a new problem he should decide two things qualitatively before 
he considers the formula: 


a. Is the lens converging or diverging? 
b. Do the two surfaces of the lens “help each other’’? 


He should then decide whether he needs to multiply (n - 1) by = + x pOr 
2 


ips S T a " 
"uo COURT E 
Here are some examples. n= 1.5. 
10 cm 
1.0.8-2/1.. 2). 
15 om puis was T) f=12 cm. 


Since the lens is thick in the middle, 
it is a converging lens. 
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10 cm 
15 cm 


= (.5- nr + w) ; f=12 om. 


Since the lens is thicker at the 
edges, it is a diverging lens. 


15 cm 
77 0.5- n P i): f= 60 em. 


10 cm Since the lens is thick in the middle, 
it is a converging lens. 


10 cm 1 1 1 
rii - n$- 4) ; f= 60 cm. 
15 om Since the lens is thicker at the edges, 


it is a diverging lens. 


Derivation of the Lensmaker’s Formula. At the end of Part II, pages 302-303 of the 
textbook, a derivation o ensmaker's formula is given, However, as indicated in 
the footnote on page 228, since this derivation employs concepts from the study of waves, 
it probably should not be discussed at this time, If some of your students press for a 
derivation, you could show them (outside of class) a derivation similar to the one given 
in Appendix 3 at the back of this volume of the guide, This derivation involves only 
Snell's law, geometry and radian measure, 
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Section 3 - Real Images Formed by Lenses 


PURPOSE To show the application of ray diagrams to the location of images formed by 
converging lenses, 


CONTENT a, Two principal rays can be used to locate the real image produced by a 
converging lens, 


1, One principal ray leaves the object traveling parallel to the lens axis. 
At the lens it is bent so as to go through the “far” principal focus, 


2. The second principal ray leaves the same point on the object but 
travels through the “near” principal focus, This ray is bent by the 
lens so that it travels parallel to the axis after leaving the lens, 


b. The image point is the point at which these two principal rays meet. All other 
rays (going through an ideal thin lens) would also go through this point, 


c. The ray diagram and simple geometry can be used to relate image and object 
position and size, 8180 = 12. 


EMPHASIS Work through this section thoroughly until students can handle problems 
easily, Emphasize the ray diagrams. Discourage routine, unthinking use of the formula 
SiS; =f". Concentrate on converging lenses--at least until the students understand them 
well, A firm grasp and consequent retention of this section are more important than the 
applications which appear in the rest of the chapter, 


DEVELOPMENT The central purpose of this section will not be served if you proceed too 
quickly to the problems, Most students need some class discussion of ray diagrams if 
they are to work through the problems with understanding, You might want to begin a 
discussion with questions such as: 


1, Why are the ray diagrams drawn as though the light ray is unbent until it 
reaches the center of the lens? Is a light ray really bent sharply, or does 
it bend gradually all of the time it is in the glass? If not gradually, where 
does the bending actually occur? 


drawing from “surface bending” to “center bending” i 
g” as they go from Figures 14-4, 14-5 
and 14-6 (pages 228-229) to Figure 14-7 (page 229), ics $ à 


2. How can you find the image for the object sh i 
bie j own below which is larger than 


(This is equivalent to asking students to e 
camera in Figure 14-8, page 230.) Students 


fact that the principal rays can still be i 
do not travel through iie leg. „ ee 
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One way to reinforce student understanding here is to point out (perhaps by questioning, 
see Problem 16 on page 236) that replacing a small diameter lens with a larger lens of 
the same focal length, does not change the position or size of the image, It only makes 
the image brighter. Thus if we have a lens which is too small to accept the principal 
rays, we can imagine for the purpose of image location that the small lens is replaced 
by a sufficiently larger one of the same focal length, Thus the dotted lines of Figure 
14-8 on page 230 allow us to construct geometrically the point at which all the rays in 
the shaded cone will intersect, 


Another approach is to start with a large diameter lens and to locate the image in a 
conventional way. Then ask the students to draw several other rays closer to the center. 
Finally, you can point out that if the edges of the lens are blocked off or cut, the central 
rays still focus at the same point, 


A demonstration might be in order in which part or nearly all the lens is covered by a 
piece of opaque paper or cardboard and yet except for changes in brightness, the image 
does not change in size or position, 


3. Which light ray is not deviated? Your class should realize that since there is 
a ray that is bent down and another which is bent up, some ray in between should 
leave the lens in the same direction it entered, Some students may suggest, by 
symmetry, that this undeviated ray is the one that goes through the center of the 
lens. See if they also realize that this must be true for the center rays near the 
axis of a thin lens because the opposite sides of the lens are nearly parallel at 
this point and therefore act like a plane piece of glass. This undeviated ray 
through the center of the lens is very useful for constructing ray diagrams of 
images and is often called the third principal ray: 


4. Does the location of a single image point (such as shown in Figure 14-7, page 
229) locate the entire image? Some students may not understand this question 
because they do not realize that at least two points on a Straight-line image are 
needed to locate the image. It would be worthwhile to have students check by 
drawing principal rays from two points on the object: 
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You can easily test their understanding of this by having them locate the image of a 
tilted object, » 
5. How would you find the ratio of image to object size (l. e., Hj/H,) if you know 
the distances from the object and image to the lens? Try to get the students 
to think about the geometry of a ray diagram, If they know about the principal 
ray through the center of the lens, they can write the answer directly from 
Similar triangles: 


Hi = image distance to lens , 


Hy object distance to lens 
Of course, the ratio H;/H, can be derived easily by using the formulas they know, t 
H 
(5 = Lt = i) + For example, they can get a convenient expression for f Sy by Ó 
o 0 8 8 81 
cr t : 
adding 1 to each side of the usur m me Thus 80 + as T · This 


£+ So ut +f Lo 81. = image distance to lens , ; 
8. 


becomes S; p qais o f +8  objectdistance to lens 


Students often do much more algebra to get this result and are impressed by the simple, " 
geometric derivation involving the central principal ray. 


COMMENTS A good test of student understanding of the location of images by tracing 
rays can be based on Problem 5 on page 234, or introduced separately, Suppose that 

you have a thin lens made of ordinary window glass (except that the surfaces are more 
accurately plane) and an object as follows: 


What is wrong with the following ray diagram and corresponding location of the “image”? 


or printing, we are using various 
ts such as D, E, and F are the | 
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Although this drawing looks like a mess in black and white, it will be very clear ina 
drawing using colored chalk, You will find that some students remember for a long time 
that the image occurs where ‘‘rays’’ of the same color intersect. 


* * * 


The second principal focal point (Fa of Figure 14-7 on page 229) is introduced for 
the first time in this section, Some students may be a little uncertain as to what Fa is. 
Fo, by definition, is the point at which parallel light incident on the right of the lens 
(moving to the left) will be focused, (The sixth sentence in column 2, on page 228 is the 
definition of Fo; however, some students think that Fo has been defined earlier and that 
they should know from other reasoning that parallel light would be focused at Fp.) The 
reversibility referred to in the following sentence merely indicates that a ray going from 
left to right through Fa emerges parallel to the axis, Reversibility does not necessarily 
mean that FI and Fa are at equal distances from the lens, These distances are the same 
for a *very hin lens“, if Fi and Fo are in the same medium, 


Section 4 - Camera, Projector, and Eye 


PURPOSE To discuss with the aid of ray diagrams, several devices in which a single 
lens is used to form real images. 


CONTENT a. A converging lens produces a real image of an object when the distance 
between the lens and the object is greater than the focal length of the lens, Three 
general situations are considered: 


. 1. For extremely distant objects, the real image is close to the principal 
' focus and smaller than the object. 


2. For closer objects, as long as Sp is longer than f, the image is beyond the 
principal focus (but Si is shorter than f) and the image is smaller than the 
object, 


3. For objects close to the principal focus (So shorter than f), the image is 
larger than the object and at a distance from the lens that is large com- 
pared with the focal length (Si longer than f). 


b. Focusing arrangements vary. In the camera and projector, a lens of fixed focal 
length is moved back and forth, In the eye, focusing is accomplished by changing the 
curvature of the lens (hence its focal length and converging power). 


EMPHASIS The emphasis in this section should be on the action of the simple lens in 
each of these devices, Review with ray diagrams how a simple lens forms an image and 
how the position and size of the image can be found, Although students should learn the 
basic principle of these devices, you will not be able to afford the time for a detailed 
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excursion into the biophysics and psychology of the eye, or into the details of photographic 
lenses, Able students with interests in these areas can be encouraged to search out sup- 


plementary references. 


COMMENTS Work on this section should be principally in informal laboratory and 
problems, Problems 9 and 10 are appropriate. 


Students will be in fairly good command of image formation when they see beyond 
the bare formula SjS = 12 to its meaning for the geometry of images: the product 
S;S, is fixed by the constant f2 for any lens, Thus, if S; increases, Sọ must decrease, 
and vice versa, 


DEVELOPMENT If time permits and you feel a discussion is needed, illustrate with 
ray diagrams examples which clarify the relationship between the focal length and the 
distances and sizes of objects and images. Use ray diagrams for objects placed, say, 
at 510 cm, 110 cm, 35 cm, 20 cm, 14 cm, and 11 cm from a 10 cm focal length lens. 
Repeat using a 5 cm focal length lens, Which arrangements approximate the usual use 
of a camera? A projector? The eye? 


Here is a problem for a good student: 


What focal length lens would have to be used in a projector if a colored slide 
24 mm x 36 mm is to be magnified to 4 feet x 6 feet in a living room which is 
25 feet long? 


If the central principal ray is understood, the solution is simplified. The diagram 
shows by similar triangles that H;/Ho = D/d. 


ve 
V 
object / 
(colored slide) 
H 


imhge (picture on 
| screen) 


5 Loch — 


Ho = 24 mm, Hj = 4 feet and the distance D may be about 20 feet. Then, 
4 feet / 24 mm = 20 feet /d; d= 120 mm. 
(Note that no units have to be changed to get d in millimeters.) 


The distance d is very close to the r p 
equired focal length, and for al i ses 
o en 15 115 mm would be sufficient, operas, the exact . zm obtained 
= So + f and Hj/H, = f/ So. Substituting, and eliminating So gives 
H 
z = i ; f= 717. m - $i s. 
" L H/ it 24/(4x3904,8) 7.8 mm. 


(The factor 304.8 is the number of millimeters in a foot, Here we must convert units.) 


a Pag sls cs Rota the statement at the end of paragraph 2, Section 4 that a lens 
MU ges mque. s useful for photographing small objects. The length (and bulk) of 
0 s 1 50 "e camera is usually limited just as the projectionist is limited by the 
Wi adrian DE room. For a ''life-sized"' photographic image, a camera with a lens 
ocal length can be half the length of a camera with a 50 em focallength. For 


a projector in a room with a limited i 
MADRE REM e s ted projection distance, the shorter the focal length of 
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Supplementary Information on Camera Lenses, While not intended for presentation to 
your class, Appendix 4 at the back of this volume describes briefly some of the character- 
istics and aberrations of photographic lenses, 


Supplementary Information on the Eye. Background information on the optical charac- 
teristics of the eye will be found in Appendix 5 at the back of this volume, 


Section 5 - The Magnifier (or Simple Microscope) 


PURPOSE To show how a virtual image is formed by a converging lens when it is used 
as a magnifying glass. 


CONTENT a, If an object is placed between a converging lens and its focal point, the 
image is on the same side of the lens as the object, enlarged, farther from the lens than 
the object, and virtual (i.e., the light coming from the object through the lens only ap- 
pears to have come from the image; it does not actually travel through the image). 


b. The apparent size of an object depends on its'actual size and its distance from 
the observer; the apparent size can be conveniently expressed as the angular size. 
Magnification increases the angular size. 


EMPHASIS The formation of a virtual image by a single converging lens should be 
treated thoroughly, The material on magnifications should be treated only if you have 
time to do it in some detail, 


COMMENTS Students can understand the characteristics of the virtual image if you 
review the ray diagram shown in Figure 14-10 of the text on page 231, This diagram 
makes the three characteristics of the image obvious, particularly if you add the third 
principal ray (from the object through the center of the lens). Note that the light appears 
to be coming from the image, but that the light going from the object to the eye never 
actually passes through the image. In this sense the image is virtual. The principal 

ray “through F9" does not actually pass through F9 but rather reaches the lens from a 
direction as if it had come from Fo. (It might be wise to use a pattern of language such 
as “The virtual image seems to be located , . . rather than. . . is located...” 
when first talking about virtual images.) 


The distance of most distinct vision for students (with normal vision) may be as 
smallas 7 cm to 11 cm, This distance will be smaller for nearsighted students and 
greater for farsighted students, You can reassure most students that they have not made 
a gross error if they find their distance of distinct vision to be much less than 25 cm, 


Notice that the term magnification is not defined precisely, but it is always used con- 
sistently to mean angular magnification, The magnification, as used in the text would be 


Size of Final Image 
M= Distance from Final Image to Eye 
Size of Object 
Distance from Eye to Where the Object can be Viewed 


Some misunderstanding may arise because for the magnifier (last sentence on page 231, 
column 1, continued in column 2), the two distances are the same, so that the angular i 
magnification reduces to H;/H,. In some texts, the ratio H;/H, is called “lateral” magni- 
fication, There is no need to introduce this new term to your students, Also many texts 
derive the magnification of a magnifying glass under conditions where the virtual image 


ae, 6 d. d 
In infinitely far off, In this case, the magnification is M = pons oU Ma git 1. 


DEVELOPMENT If you want your students to understand magnification well, you should 
give them a few examples which illustrate angular size in cases not involving lenses or 
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optical instruments. Would a thin rod 5 feet tall and 40 feet away look bigger or smaller 
than a 7 foot rod 56 feet away? (You must not think about familiar-sized rods seen 
against backgrounds containing familiar-sized objects. Imagine the rods on a beach, or 
in the middle of a frozen lake.) If you usually sit 50 feet away from a standard movie 
screen, how much bigger should the screen of a drive-in movie be to give you your 
normal view when your car is 200 feet from the screen? How far from a television set 
should you sit to have the same view“ as in a theater? 


After a few examples such as these, students realize quickly that one of the clues to 
the apparent size of an object is the angle made by the rays from the eye to the edges of 
the object, Students will also realize how reasonable this is if they think of these rays 
as principal rays through the center of a thin eye lens, which (because they are undevi- 
ated) will determine the size of the image on the retina. 


Once the concept of angular size has been established, you can reduce the purpose of 
most optical instruments to that of helping the eye produce an image with a larger effec- 
tive angular size. 


* * * 


One possible way of stimulating the class to think about angular magnification is to 
discuss another way--seldom actually used by anyone--of using a high power, short 
focal length lens as a magnifier, You should not discuss this without actually showing 
the students the phenomenon, 


This second way is to place the lens at a distance from the object slightly greater 
than the focal length of the lens, A large real image will be formed, You then just look 
at this image with your eye, Presumably you will place this image roughly 25 cm from 
your eye, A ray diagram is shown along with an eye simply looking at the object from a 
distance of 25 cm, 


1 0 ia 1 UE o Bom B 1 enough distance is allowed between the 
. , e e as large as x 
of using a magnifying glass? Let your students Man it < ap ang ——— vay 


Ets MAT 858 15 hold a high power glass (f less than 2”) right on the object, 
image discussed i this 885 typed page, and slowly raise it, The enlarged virtual 
1 n this section will be seen at first, Then the image gets blurry as 
enlarged ima, heces 8 Finally, an inverted image will appear. This is the real 
convince 1 ER above, By playing with the lens a little, the students will 
this is not a “ ves that the magnification (angular) can be made very large, but that 

a “good” way to use a lens since they see very little of wed bent ; In technical 


terms, the field of view is too na i 
this use of the magnifier.) rrow. (See Figure 14-13, page 233 for an illustration of 


* * * 


F 
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For the brighter students: All of the work with lenses and image formation has dealt 
with two-dimensional images. When we project an image on a flat screen or take a pic- 
ture on flat film, we are concerned only with two-dimensional images, However, when 
you look through a microscope or telescope, the real image viewed with the eyepiece is 
a three-dimensional image. (On the retina it becomes a “two-dimensional” curved 
image.) You will probably not want to discuss this question with your class, but it may 
come up when you are not expecting it, For example, if you demonstrated a real image 
of a bouquet of flowers (or any similar real image) with a concave mirror, the three- 
dimensional aspect of the image was clear to students as they viewed it. In a camera, 

a three-dimensional image is formed in space, A two-dimensional “slice” of this 
image is captured on the film or on a ground glass screen, 


If you are looking for more involved 
work for capable students you can use 
this notion of a three-dimensional image 
to construct hard problems. For example, 
find the shape, size, and volume of the 
image of a box as shown at the right. 
Imagine the ^box" is a frame of wire, 


Section 6 - The Compound Microscope; Telescopes 


PURPOSE To show that lenses can be used to form images which may then be viewed 
through other lenses, This is the case in compound microscopes and telescopes, 


CONTENT a. The objective lens of a compound microscope forms an enlarged, real 
image of the object which is then examined through a simple magnifier called the eye- 
piece, 


b. The objective lens of a telescope forms a small but bright, real image of the ob- 
ject which is then examined through a simple magnifier called the eyepiece. 


EMPHASIS Treat briefly. This section is simply an application of what has gone before, 
Aside from the central idea of the microscope and telescope--producing as large a real 
image as is practical, then viewing an enlarged virtual image of the real image--there 
are no important facts which students need to learn, Students do not need to learn mzgni- 
fication formulas. 


DEVELOPMENT An effective way to demonstrate the whole idea behind compound optical 
Systems, and the telescope in particular, is to announce to your class that you are now 
going to look at the view from the window by forming an image of it on a piece of ground 
glass or waxed paper. Do this with a lens of moderate focallength, (25 cm), Become 
interested in some detail and ask how you could see it better, One way is to produce a 
larger image by substituting a longer focal length lens, How could you see it even better? 
Look atit with a magnifying glass. You may want to emphasize the effect of short focal 
length for the magnifier by substituting ones of higher power. As you examine the image, 
complain of a spot on the ground glass. So you remove the ground glass, You have just 
invented the telescope! 

The qualitative idea of looking at the image formed by one lens with a second lens is 


the whole idea of this section, It would be perfectly proper to stop with this or you may 
wish to carry things a little further by doing a quantitative example or two. 
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Students will enjoy simulating a telescope in the laboratory if you have extra time, 
Although some students may want to use cardboard tubes and fancy focusing devices in 
later work, very simple arrangements illustrate the point adequately. Use, say, a 30 
cm lens and a 5 cm lens on an optical bench. Finding the image from the 30 cm lens 
on tissue paper will help students get the telescope working. Examine the image with 
the short focal length lens and you have the telescope. If you have a good, short focal 
length eyepiece, students will enjoy viewing their images with it, If you don’t have short 
focal iength eyepieces, perhaps you can borrow some microscope eyepieces from the 
biology laboratory. 


COMMENT From their recent study of magnifiers, students readily see that a small 
value for f is desirable for the viewing lens of a telescope, but some students have 
difficulty seeing that a large value of f is desirable for the objective lens, This large 
f value is helpful because the telescope is used to view objects at large fixed distances, 
Since So cannot be reduced, the largest image is produced by a largef (H/ Ho = f/ So). 
(If a student suggests using an almost plane piece of glass, you can remind him that 
this would require a telescope a few miles long!) The tube of the 40 inch refracting 
telescope at the Yerkes observatory is 60 feet long. 


length of s >| 
telescope | 
bu 
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fobjective EA 


very distant 
n jf object 


17 85 eyepiece 
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Angular Magnification = Ie 
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In a microscope, the situation is different, Here S; + f j 
. i of the objective plus f of the 
magnifier must be contained within the length of a practical-sized ett. Of these 


one values, Si of the objective lens contributes most to the length of the microscope 


80 of the objective lens can be made very small. 


NN lergth of 
microscope 
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magnifier or k—— 8; ——À JE. s 
10 f o 
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Thus, whereas So is the “fixed” dis i 0 e 
A tance in the te “fixed 
lesc pe, in the microscope th 


1 an . lens of short f. Even if a "dg oneal Image can be — 
3 ve 1 5 magnificati ^n would result in a dimmer image en na e tage 
es amount of light that can be put on or through g ch is a disadvantag 
limited, ugh the object being viewed is 
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The angular magnification of a microscope is given by 


S. 
i 
M= ( f ) objective M ventece ; where M episco = a +1) em. 


(d = distance of closest distinct vision.) 


Section 7 - Limitations of Optical Instruments 


PURPOSE To indicate that our treatment of lenses has been approximate and that 
images formed by simple lenses have many defects. 


EMPHASIS Treat very briefly, perhaps as a reading assignment coupled with part of 
a laboratory exercise. 


DEVELOPMENT Do not try to discuss lens defects in detail. Instead you might suggest 
that students look for these defects in the laboratory, An image formed on ground glass 
by a good anastigmatic camera lens can be compared with the image formed by a simple 
lens of about the same focal length. The difference in image quality is not (necessarily) 
due to more accurate spherical surfaces of the camera lens, but is due to the use of just 
the right combination of spherical surfaces and different varieties of glass in the good 
lens, If you have a monochromatic source, it is instructive to compare the two lenses 
using a single color, 


COMMENT Some students try to reproduce the effects shown in Figure 14-13 using 
their own eyeglasses, This leads to confusion because 


a. Many of the lenses are divergent (for nearsighted students) while others are 
cylindrical (to correct astigmatism), Only spherical convergent lenses will 
work well, 


b. The focal length of most eyeglasses is so long that students’ arms are not 
long enough to get their eyes farther from the lens than the focal point (as 
they must to see an inverted image). 
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Chapter 14 - Lenses and Optical Instruments 
For Home, Desk and Lab - Answers to Problems 


Home, Desk and Lab. The following table classifies problems according to their esti- 
mated level of difficulty and the sections to which they relate. Those which are especially 
suited to class discussion are indicated, Problems which are particularly recommended 
are marked with an asterisk (). Problems 18 and 19 are difficult problems that might 
be used near the end of your work on this chapter. 


Answers to all problems which call for a numerical or short answer are given follow- 
ingthe table. Detailed solutions are given on pages 14-20 to 14-36. 


— e 
L| nem 


ERES. 0 
SHORT ANSWERS 


1. a) Between 10 cm and 22 cm. 11. a) 6.67 cm. 
b) No. b) See discussion on page 14-29. 
2. Total internal reflection. Emerge c) See discussion on page 14-29. 
parallel to incident rays. d) See discussion on page 14-30. 
3. (Fresnellens.) See discussion on e) See discussion on page 14-30. 
page 14-21. 12. a) 1. 5. 
4. 20 cm. b) 2. 5. ` 
5. a) 10 cm; infinite. c) 16. 
b) See discussion on page 14-23. d) 151. 
6. a) Greater. e) Graph. 
b) 80 cm. 13. 680. 
7. a) 59. 14. 0.015 cm. 
b) 10.17 om. 15. See discussion on page 14-32. 
8. See discussion on page 14-25. 16. See discussion on page 14-33. 
9. a) 0.93 X 1072, 17. a) 0.964. 
b) 9.3 mm. b) No. 
c) 1072 18. 40 cm from the lens. 
10. 6. 6 X107 19. a) No. 


b) Yes. 
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COMMENTS AND SOLUTIONS ER 
1 A crude com lens can be constructed by 5cm 
PROBLEM coni d 90" gas 
Pian a glass block as shown in Fig, 14-15 i 
0) what is the focal length of this "lene" to vom 
(0) Would a lens form a clear image? 5cm 


Students can solve this roblem by finding the angle of refraction through the applica- 

tion of Snell's law, then . — com the focal length“ using a trigonometric func- 

tion or the ‘focal length“ from & scale drawing. The results are dependent 
whether the light is incident on the flat face or the opposite faces, but, to one sig- 


nificant figure, this does not matter. 


1.5 sin 30° = sin r 
r= 48. 6° 
48, 6° - 30° 18. 6° 


10c 


N 


a) The central ray A goes through undeflected. If an index of refraction of 1.5 is 

used for the glass, the three rays B, C, and D cross A at distances of approximately 
10, 16, and 22 cm from the flat face. An answer of 15 cm is pretty good, but, to one 
significant figure, either 10 em or 20 cm should be accepted. 


1f the student has read Section 2 he may try to use the lensmaker's formula, using 
an approximate radius of curvature. The value“ of the radius of curvature is about 


10 cm, giving a focal length of about 20 cm. 


b) This lens“ would not form a clear image since parallel light is not focused to 
a single point, but is merely somewhat concentrated. 
PROBLEM 2 If two 45° prisms of glass (index = 1.50) are ar- 
ranged as in 4-16 will not converge 
parallel light. Why not? will happen to 


The two prisms shown will not converge light 
since light entering one will be totally reflected 
twice and emerge parallel to its initial direction. 
After this problem has been done, make it clear 
that total internal reflection is almost never im- 
portant in lenses. It does prevent the making of 
some very bulgy types. 


PROBLEM 3 Some Moda and V mark the 
tions o! pto lei p The light 


and must be ly visible from all points of the 
col 


à) Can you design a "lens" which will do this? 
(b) Instead of using a continuous curved sur- 


of prisms. Can you draw a diagram of such a 
lens? Itis called a. Fresnel lens after the French 
physicist who first devised such a lens. 


This problem can be used to stimulate a class discussion, Itis probably better for 
class discussion than home assignment, 


a) Light from a single source can be bent 
into a parallel band with a cylindrical lens, 
However, the source cannot be at the correct 
distance from all vertical sections of the 
cylindrical lens unless the lens is bent around 
with the source at its center, If the lens is 
bent completely around 


the source, a band of light will go out in all 
directions— exactly what is needed in a light- 
house, 
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b) In cross section, the lens we have just made looks like that at (a). 


(a) (b) (c) 
Tn a large size this would be quite bulky, We could make a lens with similar character- 
istics by removing glass as in (b). Except for the small amounts of light falling on the 
horizontal surfaces, each section of the lens at (b) will refract in the same way as its 
corresponding section at (a). Finally, the lens sections can be shoved together as at 
(c). A lens like that at (c) would be hard to make with a good optical finish, but a high 
degree of optical precision is not required for lighthouse lenses, railroad signal lights, 
and the like. They can be cast to shape directly as at (c). 


c) Automobile headlight 
The parabolic reflector produces nearly parallellight. Different makes of lenses differ 
slightly but, in general, they are made up of segments, each of which is a small cylin- 
per lens, These segments diverge the incident light to left and right, but not up and 
own, ) 
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PROBLEM 4 Use the Lens Maker's Formula 
een hs 
Gro (* E x) 
to find the focal length of a glass lens (n = 1 
with one flat RA 06$ with a spem 8710 d 
cm. (Such a lens is called a plano-convex lens.) 
We haven 21.5; Rp = 10 i Y 
1955 2 10 cm. The flat surface does not contribute since RI is ver 


4 E i || 
= (1.5 1.0 al) = ot 
f ( Nt 10cm) 20cm | 
f 


= 20 cm. 


The lens converges light because it is thicker in the middle than at the edges 


poma — — 
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PROBLEM 5 (a) What are the focal lengths of the two lenses 
shown in Fig. 14-17? (Index of glass — 1.50.) 
(b) How does the focal length of (b) compare 

with a flat block of glass? 


a) In the cases of both lenses, we must make a qualitative decision about whether R4 
and Rg “help” each other. For the first lens, since both curvatures contribute to making 
the lens thicker in the middle, 


2(1.521) C S 
( ) (Tem 10cm 10cm ` 


— 1 


=10 cm, 


For the second lens the two curvatures ‘‘hurt’’ each other, one converging and one diverg- 
ing the rays. The lens is uniformly thick and the reciprocal radii should be subtracted. 


1 zay^ E ER ees 
foU I dcm iom = ° 
f becomes very large (or becomes infinite). 
b) Some students will say that the pair of similarly curved surfaces will not be differ- 
ent from a flat plate of glass. Although this is not quite correct for a thick curved plate, 


it is an adequate solution; there is not much difference. However, incident rays parallel 
to the axis entering from the left will be slightly convergent when they leave the lens. 
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For the incident ray and the leaving ray to be parallel, ig and ri must be equal, When — 
i r Í 
this is the case = = — rT =k). In the case of a thick curved plate, the point of 
2 1 
incidence B at the second surface is closer to the axis CD than is the point of incidence 
A at the first surface, The normals to the incident points are not parallel, and ip is 
smaller than r,. It follows that rp is smaller than 11, and the leaving ray is directed 
slightly toward the axis. 
Avoid a discussion of whether you call a uniformly thick piece of glass (curved or not) 
alens. Physicists would not call something a lens unless it focused a small axial beam. 
PROBLEM 6 A lens (index = 1.50) has a focal length in air of 
20.0 cm. 
(a) Is its focal length in water greater or less 
than in air? 
(b) What is its focal length in water? 
Hint: Notice that every individual refraction 
depends on the relative index of refraction. 
The lensmaker s formula is given as H = (n-1) (Kr + xj in which n is the rela- 
tive index of the lens material and the medium in which itis immersed, Thus (n-1) 
hould Dglass 
Should be replaced by n -1 ) , when the lens is immersed in water. 
water 
3) Since (n-1) for the lens immersed in water is less than the same factor when the 
lens is immersed in air, the focal length will be greater when the lens is in water. 
b) If we use ng — 1. 500, n, = 1.333, then 
H T 1 
? Amel n -1| (+ A. 
f tr i ( E ) Ri Ro n -1 
5 ae z 
f 5 (+ +) IE 
water ny R R2 Dy 1 
Th : 
" d 000 i Rj and R, cancel because the surfaces have the same curvatures 
no-1 
water .- 22 G. S- _ 
fair Dg 7 By Se e 
l 
Hence the focal length in water is 4 x 20 = 80 cm, | I 
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PROBLEM 7 A lens whose focal length is 10 cm is used in a 
slide projector to give a real image on a screen at a 
distance of 6.0 meters, 

(a) What will be the magnification? 
(b) How far is the lens placed from the slide? 


K you have not previously done so, you should point out that magnification here means 
Hi, Ho. 


a) Students should draw a ray diagram of a projector. Students who have a little 
familiarity with cameras and projectors should have no trouble with this, Students who 
are completely unfamiliar with cameras and projectors may be able to solve this prob- 
lem easier after having studied Section. 4. 


r 


Focal point 


Projector lens 


Use a principal ray originally parallel to the axis so that Ho — AB. Then by similar 
triangles H H 
„ onde D90 5g. 
10 600-10 Ho 10 . 81 
If a student puts this on the board and merely uses — 7 ask him to (1) draw 
0 
a diagram, (2) label Si, f, Ho, Hi, (3) put numbers on diagram, and (4) ask him to show 


that the formula is correct from geometry. The point of this is to stress the ray diagram 
and the geometry. 


b) To find how far the lens is from the slide, draw a principal ray from the bottom of 
the image through the lens center to the top of the object and using similar triangles get 


H 
d 2 1 600 
„ (i oe = OM 210. $ 
600 H 59 or, d 59 10.17 cm 


Using this construction, the focal point near the object need not be identified, 


A similar construction using the focal point nearest the object would have given the 
Same answer, 


PROBLEM 8 Prove that if two identical converging lenses of 
focal length 10 cm are placed 40 cm apart, the 
combination will form an upright image of an 
object that is 20cm away from the first lens and 
the magnification will be 1. 


This problem can be done by good students with Section 3, Alternatively, it can be 
used in class to introduce Section 6, or it can be assigned after Section 6 is studied, 


In this problem the main challenge to the students is in drawing a correct ray diagram, 
since the subsequent geometry is relatively simple. Most of them will draw the principal 
rays through the foci, although the principal rays through the lens centers would simplify 
the solution, ] 
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Before you proceed to a final quantitative proof, the over-all picture should be pointed 
out to the students, The object of height Ho has an image of height HI formed by the 
first lens. This image in turn acts as an object for the second lens wi ich forms a 
second image of height Ho. The image Hi can act as an object for the second lens be- 
cause light rays come from it as if there were a real object there, This may be a 
convenient spot to review the meaning of an optical image. 


There may be questions about the meaning of the principal ray diagram. The princi- 
pal ray MAN helps locate the image Hy formed by the first lens, The principal ray 
NDP helps locate the final image Ho. It happens that a real light ray could travel along 
MANDP, Notice that MCN also locates Hi and NFP locates Ho, but that no light ray 
could follow the path MCNFP. In fact, the ray NFP, though useful for constructional 
purposes could not really exist since it would not have come through the first lens. 
Notice in particular that the principal ray NFP for the second lens is not a principal ray 
for the first lens, The diagram (b) shows an actual bundle of rays that forms the arrow- 
head, Note that some principal rays are among them and others are not, A principal 
ray can be used to do a construction even though it may not represent a real light ray 
passing through the optical system. 


b) 


The proof is as follows: 
BA Hy 


Br, " qr, Pub BA= Hy BF =f=10 em, and OI = 20 - 10 = 10 em. 


Then HI = Ha. Itis th = 
handled. exactly en easy to show that OB - QB 2 20 em. Then the second lens is 


the same to -H.- 
Lines Sai. way to show Hp = H; =H). The ray diagram shows the final 


= 


+ 


PROBLEM 9 


This problem can be done with Section 3 or used as an introduction to telescopes in 


Section 6. 


By similar triangles A 


So are constants, Hi (the image size) is proportional to f. The distance from the earth 
to the sun is 1.5 x 1011 meters, Ho = 1.4 X 109 meters (using 


H; as a diameter instead of radius), and f = 1 meter. 


0.93 x 1072, 


Note: The use of the central principal ray simplifies this problem. 


- 


(a) Prove that the size of the image of the sun 

luced by a convex lens is proportional to the 
focal length. What is the constant of pro- 
portionality? 

(b) How large an image of the sun (diameter. 
1.4 X 10* m) will be formed by a lens of focal 
length 1.0 meter? 

(c) What will be the ratio of the size of the 
images of the sun formed by a lens of 10 cm focal 
length and a lens of 10 m focal length? 


f 


2 — t $] 


Fo d since H; = AB, H; =f Fo Since H, and 
= , and since H; = -f-g— . Since Ho an 
0 ! dd 0 E 


the diametgr for Ho gives 
kea9.14X10 m, 
PER 
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Once it is pointed out that the image is at the principal focus of the lens--and hence a 


distance f from it, similar triangles give directly H =f B 


b) H, = AB = 0.93 X 102 x 1 m = 9.3 mm. 


al 
c). The ratio of the sizes of the images is just 5 7 1000 cm 


PROBLEM 10 


How large an image will be formed of an artifi- 
cial satellite (53 cm in diameter) passing at an 
altitude of 500 miles, if it is photographed with a 
camera whose focal length is 10 cm? Would you 
expect an actual photograph to show a larger or 
smaller image than the size you have calculated? 
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Use the same construction as for Problem 9 and obtain H; =f Tw 


Hy = 10 em — em — - 6,6 x 1078 cm. 
500 mileb x 5280 ft / mi x 12 in/ft x 100 cm x 
i 39.37 in 


The actual photograph would glve a larger image: 

(a) One developed grain on the film is larger than this. 

(b) Diffraction effects. See later chapters. 

(c) Lens defects such a8 spherical aberration. Él 

(d) The speed of the satellite is fast enough to blur the image into a 
streak even for very high shutter speeds (the satellite moves about 
5 meters in 1/1000 sec), thus, in 1/1000 sec the image spot would 
move a distance across the film nearly 10 times the image diameter. 


This second part of the problem can be used to stimulate a short class discussion if 

you have time. It is not essential, but reminds students of lens defects and other factors 
which influence images. If you mention the streaking of the satellite you might add that 
the time exposures needed for photographing stars requires that the telescope mount 
have a correcting mechanism which counteracts the earth’s motion, keeping the tele- 
scope trained on the same field of view. Or you might ask students how they would 
photograph a faint star and see if they can invent“ this correcting mechanism. 


PROBLEM 11 (a) What is the focal length of the lens in Fig. 
14-18? (Index of the glass is 1.50.) 
(b) Aperi. the paths of some light rays, 
BE UA uer don odd light pl 
ts 


(c) From the ra m of Fig. 14-18 (b), 

show that $ = fa Notice drom wbich focal 
Sapte lad eiu nee 

happens as move ject to- 

ward the lens? D$ Dec get ger thee? 
Js the image ever bigger than the object? 

( would you find (experimentally) the 


e) How 
focal length of a diverging lens? 
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This is a rather difficult problem in the application of the lensmaker’ s formula and 
ray diagrams to a diverging lens, In principle it could be assigned after Section 3, but 
it is probably better to wait until your class has a thorough knowledge of ray diagrams, 
The students need not memorize the results of this problem, 


a) By the lensmaker’s formula, with n «1,5; R, =10 em, Ry = 5 cm and since 
both surfaces produce divergence, (I. e., they make the lens thinner in the middle) 


we add (Ar + xD^ td. oo r 0.5 xo = sri f= 8,87 cm. 


Since this is a diverging lens we often write f = 6.67 cm, 
b) s 


e) 


H 8 
1 - 
Triangle F,DE is similar to triangle FAO, therefore, 0 $ Since AC = Hy 


() 


BC í i 
Also, triangle F, BC is similar to triangle F} LG, so that, Ex “x Since BO™ r 


E 


m Mn 
He 8, 
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s 
Combining (1) and (2), + = EC 8$ =. 


With a converging lens, a ray from the object drawn parallel to the principal axis is 
refracted by the lens so that it passes through a principal focus. Itis from this focus 
that the image distance Si is measured. Similarly, the ray parallel to the axis of a 
diverging lens is refracted by the lens and appears to have come from a point on the 
axis, one of the principal foci. It is from this point that the image distance is meas- 
ured, Ina like manner, a ray from the object directed towards the other principal 
focus is bent parallel to the axis upon passing through the lens. It is from this focus 
that the object distance is measured, 


d) In the diagram for partc) as we move Ho toward the lens, B moves up toward A. 
The lens always causes rays to diverge, Hence, the image is always on the same side 
of the lens as the object. But since B can never get higher than A, BC = Hj can never 
be greater than AC = Hg. As Hj; moves up the line F2A we see that Si approaches 


F2C as a maximum; while S; approaches CF, as a minimum, Thus, Sj can never get 
bigger than 80. i 


N 


e) CAR 
a 
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— 
e e 
c 


A 
Place four pins a, b, c, d, so that ab and cd 
k parallel rays entering the 1 Sight 
from the other side and place th. nd f y E enum 
a and bi PIRE INE cus 515 e two pins e and f so as to line up with the apparent line 


» gand h, so as to line up with c and d. Th 
gh, when extended back, cross at the principal focus, F, Ie send 
PROBLEM 12 


1 D 17 75 of most distinct vision is 
iat is the maximum magnification that 
can be obtained with each of the following convex 


lenses when used ifvi 3 
ues s às a magnifying glass or simple 


a function of “f” maximum magnification as 
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This formula“ problem on the magnification of a simple microscope is intended 
to give students a feeling for the amount of magnification possible with lenses of differ- 
ent focal lengths. Answers will vary depending on the value taken as the «closest 
distance of distinct vision", In the solution below, we have used 15 cm, 


= 15 = 15 z 

a) mag. = eae ee 18 
b) 2.5 e) 14 
c) 16. 
d) 151 fes 

310 

Uu 

z 8 
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"a 
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PROBLEM 13 Assume your distance of most distinct vision is 


25cm. A compound microscope has an eyepiece 
of 2.0 cm focal length and an objective of 4.0 mm 

. The distance between objective and 
eyepiece is 22.3 em. What is its magnification to 
two significant figures? 


This problem can be solved with ray diagrams using similar triangles, Here, instead, 


we shall use formulas, 
Consider the eyepiece and work backwards from the final image. We shall consider 


the final image to be 25 cm from the eyepiece and to have a height Hj. 
Then Sj = 25 + 2 = 27 cm. Pa 


4 
8081 = f? = 22 = 4, aie Poa 


final image 


eyepiece object 


The object“ for the eyepiece is thus 2 - ES = E cm from the eyepiece. The relation 


1 f 2 
between H, and H, is g^ = g^, and Ho-g- H, 27 Hy 


prime marks to indicate H, 


H 
0 1 
In order to reduce confusion when we now refer to the objective lens, we have used 


p H, 81 and f for the formation of the image by the objective 
0 


lens. The student should see that the object“ for the eyepiece is the image formed by 
the objective lens (H, = 4 This image is 22.3 cm - 27 em from the objective lens. 


si 


= 20.45 cm - f= 20.45 dm - 0.4 cm = 20.05 cm. 
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Hoy E Obama) ihe Sado 
Sy 20. 05 cm. 50.1 
2 H,= 2 

But, Hy, = 97 Hi „80 Ho, = 27 N 50.1 
figures, the magnification is 680. 
Using the microscope of Problem 13, with the 

Noui ep same adjustment, we see an amoeba. With a 
ruler, we measure the size of the virtual image t 

looking at it with one and at the ruler wi 

the other. On the ruler the amoeba appears to be 


| 


H , and H, = 675 Hy . To two significant 


If we have a 680-fold magnification, an image 10 cm long means that the length of the 


amoeba is actually a em = 0,015 cm. 


PROBLEM 15 For the maximum magnification of an eyepiece, we 
found d 4-1 where d is taken as the distance of 


most distinct (or closest distinct) vision. If your 
eyes can accommodate to see distinctly at 15 cm, 


we should write 5. + 1 as the magnification 
of a simple magnifier for you. Also, if you can 
„%% KT 
FEAE 4 1 would apply. Why does the magnifi- 


cation go up for someone who accommodates 
poorly at small distances? Does he see mofe 
detail than someone who can accommodate 
poen Be prepared to discuss this question in 


This is a good problem for class discussion, 


In this problem the reference is to a virtual image formed b 
(Figures 14-10 and 14-11). 105 i 8 ENSE * 


a 


a. Normal eye plus lens b. Farsighted eye plus lens 


d. Farsighted eye 


beide ias i 
— 1 —M4— — U — 


dy 
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For a given object, the top of the image will always lie along the line F} D. Thus when 
either person places his eye close to the lens and moves the object to give a clear image 
he will see an image which subtends the same angle as the other person, See Figures 
aandb, On the other hand without the lens the person who accommodates poorly will 
see a smaller image than the other person when they each view the object at the distance 
of most distinct vision, See Figures c and d. Thus, for the person with poor accommo- 
dation the angle has been magnified more by the lens than for the person with good ac- 
commodation, Eyes which could accommodate at infinitesimally small object distances 
measured from the eye would not need a magnifier to see infinitely large images. 


Through the magnifier both will see the same amount of detail as far as angular size 
is concerned, but since the object is farther from the lens for the person with poor ac- 
commodation the image will be less intense and thus some detail may be lost. 


PROBLEM 16 Two lenses both have a focal length of 20 cm, but 
one has a diameter four times that of the other. 
Draw sketches of the two lenses and tell how the 
images they form differ. 


3) Since the diameter of the lens does not affect the ray diagrams, the positions and 
sizes of images will be the same, The image formed by the larger lens would be 16 
times brighter than that formed by the smaller one. For many applications this is an 
important factor, In making the lens it would be much more difficult to keep the larger 
lens free of aberrations and faults, 4 


If the lenses were used as magnifying glasses the principal difference would be that 
more could be seen through the larger lens, It would have a larger field of view. 


b) 
Note the much greater amount of light concentrated by the larger lens on the image. 
PROBLEM 17 (e) What is the ratio of the focal lengths of a 
crown - glass lens for violet light and for red light? 
(The index of refraction for various colors is 


given in Table 4, Chapter 13.) 
(5) Is the ratio the same for all kinds of glass? 


This problem leads to the ideas behind the making of achromatic lenses. 


1 f 
a) Using the lensmaker' s formula, + = (n-1) 5 + Ry ) , we have 
fy. EM 
kr (ny - 1) 


From Chapter 13, Table 4, page 221, for crown glass, n, 7 1.513, n, = 1.532, 


iy. 0.018 9/00 
i. 0.8920 ee 


between 
b) The ratio is not the same for different kinds of glass. The difference 
A glasses makes possible the kind of correction for chromatic aberration shown 
in Figure 14-14, 
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M18 A Jens of focal length 20 cm is placed 30 cm from , 
puero a plane mirror and an object is placed on the axis 
10 cm from the mirror. Where will the image of 
the object be found? 


This problem could, in principle, be done after Section 3, but it is rather difficult i 
and 55 880 that students have a good grasp of ray diagrams and image formation, f 
Students will need to recall that light from a point at F is refracted so as to be parallel 
upon leaving the lens (or rediscover this through drawing the principal ray through the 
center of the lens). The diagram is shown below (students should be warned not to work 
with Figure 14-19 which applies to Problem 19). 


parallel ee 


| 
| 
1 M 
[ F 

0 cm 20 cm 
mirror 


The first challenge is to draw a ray diagram for an object at the focus, F. 


The principal ray parallel to the axis and going through F4 is simple. The ray from 
the tip of the arrow through Fa is perpendicular to the axis and would not reach the lens. 
Thus they need the ray through the middle of the lens. This would be parallel to the first 
rap after it went through the lens. Hence, no image is formed by light which goes from 
. the object directly through the lens. (Some students may say the image is formed at 
~ {nfinity; although when physicists speak of an ‘‘object at infinity” or an image at infinity)“ 
they mean by this merely that rays are parallel. For inexperienced students, parallel 
rays have much more meaning than infinity since the concept of an image is connected 
with the intersection of two light rays.) 


The second part of this problem involves deciding what happens to rays which leave 
the object, reflect from the mirror, and finally come through the lens, In order to 
proceed, the student must know or rediscover that rays which leave the object and hit 
the mirror return from the mirror as though they originated from the virtual image of 
the object, The lens then forms a real image of this virtual image, 


Once they realize this, they can easily construct the image. 


| 
i 
1 
] 
| 
| 
| 


Using any two of the three principal rays, one um easil 
by the lens is 40 cm from the lens ord em from F4. aa pemad 
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There is one additional point that might be made in this problem, Students could be 
asked if there is another image where the ray going directly from the object through the 
lens crosses the ray going from the object to the mirror through the lens, For example: 


real image 
identified 


ES. directly from mirror 
earlier 


object 


mirror 


parallel 


The question is whether there is an image at D where ray B crosses ray C. Some stu- 
dents will think that there is another image here, but they will realize that there is not 
if you ask them about other rays leaving the tip of the arrow and lying between rays A 
and B. They will see that these other rays produce a family of lines parallel to rays 

A and B beyond the lens, Hence if there were an image at D there would be one also at 
other points along C (indeed, at any point that could be reached by both the reflected 
and unreflected rays). 


After discussion, some students will point out that you have an image only if many 
rays cross, and two are not enough. Finally you can lead them to a much better state- 
ment such as ‘‘You get an image when rays all of which go through the same optical 
elements cross", You might use different colors of chalk to show rays leaving the same 
point but going through different elements. 


Thus, the rays leaving the object and going directly through the lens might be drawn 
with white chalk, Those going to the mirror and then through the lens can be drawn in 
red chalk, Those leaving the object but missing the lens completely can be drawn in 
orange chalk, 


(If you ask students whether you get an image where one ray which has gone through a lens 
crosses a ray which has not, they will see easily that rays should go through the same 
optical elements. 


; M 
direct ray ~~ 
misses lens Se 


Is this an 
image point? 
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i Where are the images of the object in Fig. 14-19? 
hix Soie Can you se all the images if you look through the 


lens 
with your near the lens? 
15 with Jour eye far from the lens? 


This is another hard problem involving the formation of images by a plane mirror 
and a lens, 


If the direct rays from the object to the lens (and not those going first to the mirror) 
are considered, they form a virtual image (enlarged and erect) at F. This image can be 
found easily using a standard ray diagram. The image could be seen by the eye if the 
eye were any place to the right of the lens (provided, of course, that the eye intercepted 
light rays originating from the object and passing through the lens). 


A second image is formed by rays which go from the object to the mirror, and then 
back through the lens, The position of this image can be found most quickly by con- 
structing the virtual image produced by the mirror (15 cm behind the mirror) and using 
itas a new object for the lens. Using principal rays and similar triangles, itis easy 
to see how the image appears 40 cm to the right of the lens and is the same size as the 
object. If an eye were less than 40 cm from the lens, convergent light would hit the 
eye and the eye could not focus this convergent light on the retina. On the other hand, 
if a normal eye were farther to the right of the real image than the distance of closest 
vision, it could see this image. 
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Chapter 15 - The Particle Model of Light 


The central purpose of this chapter is to give students an idea of what a physical model 
is, how it must be tested, and to indicate both the usefulness and limitations of-a model, 
Perhaps more important, but harder to express (and teach) is the spirit of searching for 
deeper understanding and seeing a little of the adventure and challenge in developing a 
physical theory, : 


Thus far Part II has looked at light phenomena, noting regularities, the applicability 
of laws, and the consequent predictability of certain phenomena. In Chapter 15, we 
try to encompass these phenomena in a more comprehensive "picture" of light. In 
addition to exploring (and finding partially inadequate) the particle model of light, this 
chapter serves as a bridge between geometrical optics (reflection and refraction) and 
waves (Chapter 16 through 19), The material on waves necessarily returns at points 
to physical optics, and, in addition, considers those phenomena (diffraction and inter- 
ference) which are characteristic of waves. 


CHAPTER CONTENT 

In looking for a theory of light, a simple particle model is seen to account for the 
laws of reflection and refraction and to satisfy the inverse-square relation which 
describes the variation of intensity with distance, The model predicts that light ex- 
erts pressure on the surfaces it strikes. It also predicts that heating should be 
associated with absorption, Experiments verify both the existence of light pressure 
and the association of heat with absorption, Now we begin to find a few flaws. Itis 
possible but awkward to explain the partial refraction and partial reflection that occurs 
at the surface of refractive material, There seems to be no simple particle model 
for diffraction, Finally, experiment shows that a particle model for light would re- 
quire the speed of light in a refractive material to be higher than in air or vacuum, 
This is contradicted by experiment, While a particle model would account for a num- 
ber of light phenomena, it is awkward or fails for other phenomena, The model must 
be modified or a new model found. ‘ 


CHAPTER EMPHASIS 

Because models give coherence and direction to physical thought, you should try to 
give your students an idea of what a model is. You will want to encourage discussion 
and speculation, but you will have to be on guard against wild conjecture. With your 
help, students will be inventive and will enjoy talking about possible mechanisms, 
Remember that students have not yet studied mechanics formally and therefore may 
have some wrong ideas about how particles act, While you can correct misimpressions, 
you will not want to discourage students by criticising serious suggestions too sharply 
or abruptly. 


If necessary, most of the chapter can be treated principally as a reading assignment, 
It is not important that students learn specific facts or analyses. First priority in 
class discussion should be given the general import of the chapter. This suggests using 
some of the problems as a basis for class discussion, 


COMMENT 

No matter how much you have tried to avoid it, your class has probably engaged in 
some prior discussion of the nature of light. Some students may "know" that light is 
waves, or "know" that light is both waves and particles. Other students with little 
previous knowledge of light may be completely unbiased and ready to accept anything 
they read in Chapter 15 as fact, Both kinds of students will need a little "stage-setting" 


before they begin Chapter 15. 


As an example, there was the case of a student in this course who, before he had com- 
pleted the chapter, bet a student from another physics course that the speed of light in 
glass was higher than the speed in vacuum, Using the particle model for light and mech- 
anical model for refraction the PSSC student showed. that his hypothesis had to be cor- 
rect and collected the bet! Later he learned that reparations were in order, It is, of 
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course, delightful that the student so clearly appreciated the arguments of the early parts 
of the chapter that he could convince the "doubter". However, it ought to be possible for 
students to follow the reasoning and appreciate the rise and decline of a model without a 
conviction that the particle model is the last word. 


As is partially illustrated in the above example, students can read most of this chapter 
as fact“ supporting the complete validity of a particle theory of light. In this case, the 
denouement may leave some students with the-impression that the chapter is trivial — it 
Sets out the ridiculous idea that light is like a baseball and bothers to analyze that idea in 
detail only to show it is wrong. Other students already ‘‘know’’ about waves, so why bother 
with buckshot? 


The key is that students should understand that the purpose of this study is not to 


8 19 
prove or disprove a specific model or theory of light at one fell swoop. The purpose at x» 
this point of the development is simply to begin to develop a model of light, We take a m 


model which seems reasonable (as the particle model did, historically) and examine the 
process of fitting the model to observed data--the process of testing a theory. At the 
conclusion of this chapter, we should not have the notion that the particle model is worth- 
less, Although it is not completely adequate, we do not necessarily discard it, (Indeed, 
in Part IV we will consider how a particle theory does contribute to our understanding of 
light.) In this chapter we take the first step toward the development of a model for light. 


Thus, the most important "stage-setting" you can do, no matter how you choose to 
develop the chapter in detail, is to make clear that the purpose of studying this chapter 
is more than learning the detail of the arguments for or against a particular theory; it 
is also to analyze how a theory is tested, 


You will need to push students into going beyond the details and thinking about the con- 
cept of a model, Why do we search for a model? (Make them realize that if light does 
behave like particles in some respects, then we may look for other particle characteris- 
tics in light, and thereby perhaps discover something about light we had overlooked.) 
Finding even a tentative model usually suggests both future investigations and the reinter- 
pretation of known data, 


* * * 


It is desirable to soften the impression that light must be either a particle or some- 
„thing which is (in some undefined sense) different from a particle, You can help students 
-by substituting for such questions as "Is light made up of particles?" and "What evidence 

do we have for light being particles u, such questions as "Does light behave like parti- 
cles?" and "What evidence do we have that light behaves like particles 2. 


We all know that light is neither a particle nor a 
wave, Light is light, In some cases 
ee n a way similar to particles (or, as we say, its behavior agrees with the par- 
C model). In other cases it acts the way waves do (. e., it conforms to a wave model). 
en we say that light is a "photon", we do not resolve this duality in any real sense. 


We simply invent 
éhaructu talks à new word to describe something which has both particle and wave 


DD | y 
No attempt is made in Chapter 15 to marshal all the arguments in favor of a particle 


model, The key arguments for the particle-like i 
j 1 nature of light (the i 
8 ne Maca a 1 are deferred until Part Iv acing one oben 
ngful context, In this chapte: i 
Simple, particle model would work, When iin en MA ER ver] 


simple model, This leads to the consideration of iuda: odel fails, we look for another 
* * * 


NOTE: Some teachers feel that, for the introduc 

: e tory work 

it is worth the time and trouble to hang a long brass coil on ies es E E 
be especially desirable if you do not have a smooth floor (See 8 U. 7 nd. the : 
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yellow pages of the Guide for this experiment.) If you decide to suspend a coil you will 
want to start early because it takes some time and because you will want a bit of practice 
before you use it with students. You will find comments on its suspension and use on page 
16-9 of this Guide for Chapter 16. 


SCHEDULING CHAPTER 15 
14-week schedule 


Class Lab 
Periods Periods 


RELATED MATERIALS FOR CHAPTER 15 


Laboratory. Experiment Il-5, The Refraction of Particles , should precede class 
discussion of Section 2, See the yellow pages for suggestions. 

Experiment Il-6, The Intensity of Illumination as a Function of Distance, is optional. 
If done, it should precede class discussion of Section 3. See the yellow pages for sugges- 
tions. 


9-week schedule 


Home, Desk and Lab. There are several problems in which students are asked to de- 
vise laboratory experiments, or to discuss assumptions made in laboratory experiments. 
Problems 12, 15, 16, and 19 are of this type. Finally there are some problems in which 
Students are to discuss the predictions of various models of light, Problems 2, 3, 8, 11, 
18, and 20 are of this nature, Of these problems, the ones you assign probably should 
be discussed in class. 


The following table classifies problems according to their estimated level of difficulty 
and the sections to which they relate, Those which are especially suited to class discus- 
sion and those which are home projects are indicated, Problems which are particularly 
recommended are marked with an asterisk (*). Answers to problems are given in the 
green pages: short answers on page 15-9, detailed comments and solutions on page 
15-9 to 15-18. 


Class Discussion Home Projects 


Films, "The Pressure of Light", by Professor Jerrold R. Zacharias of M. I. T. is 
intended for use with Section 4. The film gives remarkable visual evidence that light 
exerts a pressure, It also shows how some experiments, designed to prove one theory, 
will introduce new problems and avenues of investigation. Running time: 21 minutes. 


"The Speed of Light", by Professor William Siebert of M, I, T, is appropriate in 


connection with Section 7. The film shows an experimental measurement of the speed of 
light in air and an experimental comparison of the speeds of light in water and air, 


Running time: 23 minutes, 


18 
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Science Study Series. At this writing,‘‘Michelson, A Biography” is being printed as 
a part of the Science Study Series. 
Introduction 


PURPOSE To introduce the concept of a model.. 


CONTENT The straight line motion of light and the noninteraction of intersecting beams 
do not contradict the idea that light behaves like particles. If particles moved fast 
enough and were small enough, they might behave like light. 


EMPHASIS Treat briefly. 


COMMENT Do not dwell on the question of why a fast particle does not bend appreciably. 
The students are not familiar with the magnitude of the earth’s gravitational pull, but 
they know that a bullet goes “‘pret straight. 


Some students may think of a beam of small particles on an "everyday" scale -- for 
example, pellets from a shotgun. In order to stretch students' imagination a bit, pro- 
pose (if they don't) that they imagine a relative particle size and distribution in a light 
beam such that, if enlarged so that the particles are the size of BBs, then the average 
spacing between particles is, say, the distance between the earth and the sun, 


We are not concerned here with the actual state of affairs in light. If some student 
insists on a factual summary of what size light really is, you can tell him that at this 
point the only way we have of judging the "size" of light'is that intersecting beams do not 
interact. A correct statement about the "size" of light requires a most Sophisticated 
understanding. The photons that are described in Part IV, Chapter 33 are effectively 
as broad as the beam of light of which they are particles. 


Section 1 - Reflection 
PURPOSE To draw a simple inference from a model. 


CONTENT a. All reflection phenomena, including complex mirror effects are 
summarized by the two laws of reflection, 


b. Ideal ball bearings bouncing off resilient surfaces obey the two laws of reflection, 
(Real ball bearings come close, except for gravity.) 


c. A particle model of light can account for both specular and diffuse retlection. 
EMPHASIS Treat briefly, 


COMMENT We now have an upper and a lower limit on the size of the "particles," They 
must be small enough that they do not bump into each other in intersecting beams, but 
they must be larger than the irregularities of the surface of a good mirror, 


DEMONSTRATION A carom or a plastic ring (the core for the winding of Scotch Tape) 
snapped by thumb and finger along a smooth surface and against a reflecting wall visually 
demonstrates the equality of the angle of incidence and reflection, 


Section 2 - Refraction 


PURPOSE To show how models sometimes lead to new i 
; : els « ew ideas for 
with certain assumptions, a particle model could account for dicto p Et 


CONTENT a. All refraction phenomena, including 1 
1289 ule eo eee ie , g lenses and prisms, can be summar- 


ah 
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b, One particular particle model can be constructed in which the particles obey 
Snell's law. This model, however, requires that the particles speed up when they enter 
the region in which they bend toward the normal. 


c. This model therefore suggests performing experiments which measure the Speed 
of light in different substances to see if light behaves like the particles of this model, 


EMPHASIS Treat briefly, but allow enough time so that students can observe the refrac- 
tion of a rolling ball either in class demonstration or in laboratory. ExperimentII-5 ' 
Should be done before treating this material in class. 


COMMENT Since students are not expected to know enough mechanics to calculate what 
willhappen, it is important for them to understand intuitively the results of experiments 
such as II - 5 and as shown in Figure 15-4, page 240. It probably will not be at all obvious 
to students that the speed on the lower level, v,, does not depend on the angle of incidence, 
which is pointed out in the text. Thus, performing the experiment is important. 


You may return to this point in Volume 3 when energy conservation is discussed, At 
this stage, however, you can only indicate the qualitative dependence that n increases as 
h increases, and that n decreases as vu increases, Some students may want more de- 
tailed explanations, but you will have to point out that these can come only after you have 
Studied mechanics, 


Section 3 - Source Strength and Intensity of Illumination 


PURPOSE To review the inverse-square law, and to see if the particle model of light 
predicts this behavior. 


CONTENT a. The total amount of visible light given off by a light source, (i. e., the 
Strength of this source) is specified by comparing it to an arbitrary standard, "the 
candle", (A 100 watt light bulb has a source strength of about 120 candles.) 


b. The intensity of illumination on an object is the amount of visible light falling on a 
unit area of the object, The intensity of illumination can be specified by giving the num- 
ber of candles of source strength that must be placed one foot away to give the same 
intensity of illumination; this is called the number of foot-candles. 


c. The intensity of illumination, I, is inversely proportional to the square of the 
distance from the source, 


d. The particle model would predict that the intensity of illumination will follow the 
Inverse-square law. 


EMPHASIS The principal idea to get across is that a simple particle model is consistent 
with the inverse-square law. If you have time to do Experiment II-6 "The Intensity of 
Illumination as a Function of Distance", it should be done before discussing this material 


in class. 


If you have time, you may want to treat this section more fully. If you want the stu- 
dents to learn about source strength and intensity of illumination, you will have to give 
them short definitions such as those given above. (The definition of intensity of illumina- 
tion does not appear in this volume; it can be found in Chapter 4, Section 3, middle of 
left column, page 44.) You should probably also give them simple examples using 
realistic values. 


DEVELOPMENT Unless you give them practice and help, many students will do prob- 
lems involving the inverse-square law by using the formula blindly. They may make un- 
necessarily long and complicated calculations because they do not understand the basic 
Proportionality. For example, if you give the problem: "What is the intensity of 
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illumination on an object 4 feet from a uniform light source, if the intensity is 20 foot- 
candles at 2 feet?", many students will first solve for the source strength, k. They will 
find that the source is 80 candles and that it would therefore give an intensity of 80/(4)4 
= 5 foot-candles at 4 feet. If you use essentially the same problem except giving the 
distances in centimeters or meters or miles, some students will start to recalculate 
without realizing they already have the answer. Some even will convert the distance to 
feet so that they can find the source strength in candles, instead of simply dividing by 
the ratio of the squares of the distances. 


Give the students several examples and make sure that they realize that if the dis- 
tance increases by a factor m, the intensity of illumination decreases by a factor m2, 
Start with numerical problems like: 

a. "If the intensity of illumination is 18 foot-candles at 5 feet, what is it at 15 feet ?" 
b. If there are 3 foot-candles of illumination at 10 feet, how many are there at 2 feet? 
Then proceed to more abstract examples like: 

c. If the intensity of illumination is 2 foot-candles at d, what is it at two-thirds of d? 
As a final example, you might give the problem: 


d. If there are x foot-candles of illumination at d, how many foot-candles are there at 
r? You may find some students who think the answer depends on which is larger, dorr. 


COMMENT Some students may wonder why the points shown on the graphs in Figure 15-6, 
scatter. The most reasonable answer is that experimental errors were made in reading 
the intensity or the distance, One occasionally might expect deviations to arise because 
most light sources are not spherically symmetric (no deviations occur if there is spheri- 
cal symmetry) but such errors would usually give a uniform trend of increasing deviation 
(to larger or smaller intensities) as the distance became smaller, Since some points 

lie above the straight line and others below, the error is more likely one of measurement. 
(The more astute students might guess that since the errors seem biggest where r is the 
smallest, the error was most probably made in measuring distance.) 


Section 4 - Light Pressure 
PURPOSE To show how models can be used to make predictions. 


CONTESE ^w particle model predicts or implies that light exerts pressure, Experi- 
na " ow that this is correct, The pressure from ordinary light sources is extremely 
small; however, light pressure in stars can be tremendous, (Students are not familiar 


with the quantitati i 
ite bras s "ie concept of pressure, but they recognize that particles hitting a sur- 


EMPHASIS Treat briefly. Showing the film "Pressure of Light" will make the point. 


AME vs 1 the film, a standard radiometer with one side silvered and one 
sponding to n t 18 push by light. However, this is not the case. If it were re- 
pd. eb = dic, the silvered surface (which reflects) would be pushed harder 
e ea ee when the light 

to heat There is resid " ack surface is pushed harder because the radiometer responds 
is evacuated) Thi ual gas (even though, by ordinary standards, the radiometer bulb 

as light) than near ee E heated more near the black surface (which absorbs heat as well 
pressure of the heated ns ee P xe pressure of light is so small that the greater 
receding. , and the radiometer rotates with the black surface 


SUPPLEMENTARY INFORMATION (For the teacher, not the student.) For a typical 
light source, 100 foot-candles falling on 1 ft? corresponds to about 6 watts. This 
corresponds to 6 joules/sec or 6 newton-meters/sec, The force is the rate of change of 
momentum, ae the momentum of light is its energy divided by c = 3 x 10° m/sec, 
newton-meters 1 -8 
the force is de 3X108 m/sec. if X10  newtons. The force 
corresponding to 100 ft. -candles is therefore 2 X 10 ^ newtons; if this is the illumination 
on 1 ft.2, the pressure is 2 X 1078 newtons/ft.” if the light is absorbed. If the light is 


reflected, the pressure is double this or 4 X 10 ^ newtons/ft. ^. 


Section 5 - Absorption and Heating 
PURPOSE To show again that predictions can be made from a model, 


CONTENT The particle theory predicts that a substance which absorbs light is heated, 
This is found experimentally, 


EMPHASIS Treat very briefly. 


COMMENT You will need to treat this section briefly, merely noting from rough analogy 
that particles could account for absorption and heating, The students will not know much 
about heat, Most of them will not know that lead would get hotter than steel if both were 
pounded, but this is an easy experiment to do in class or at home, 1f you start to discuss 
this in any detail, they will want to know more about lead, steel, and heat; about why 
pounding produces heat; etc, 


Further, the heating of a transparent object is not easy to demonstrate. 


Section 6 - Some Difficulties With the Particle Theory 


PURPOSE To show that the simple particle theory cannot explain all phenomena of light, 
and that models often must be made more complicated or abandoned. 


CONTENT a, The existence of partial refraction and partial reflection at one surface is 
hard to explain using the simple particle picture. 


b. Diffraction cannot be explained simply with a particle model, 


c. Ifa model becomes too complicated, it is of little use; if each experimental fact 
requires a new, unpredicted change in the model, the model has limited value. 


COMMENT Do not try to kill completely the particle model here; leave it somewhat in 
abeyance, The point you need to make is that for a particle model to work, it would have 
tobe more complex. Possible explanations of partial refraction were indeed given by 
physicists when these difficulties with the simple model first arose. As far as students 
know now, diffraction could be explained by assuming interaction between light particles 


and the edges of a hole or slit. 

Although diffraction and interference are the two least particle-like phenomena, do 
not dwell on them now. In Chapters 18 and 19, the students will learn more about 
diffraction and will appreciate then that a relatively simple wave model can explain these 
phenomena. Once a simple wave model exists, it will be much less worthwhile to try to 
get a complicated particle model which also works, 
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Section 7 - The Speed of Light and the Theory of Refraction 


PURPOSE To show how the speed of light was measured and to show how a measurement 
can refute or force changes ina theory. 


CONTENT a. The speed of light was measured using a stroboscopic principle. 
b. The speed of light is slower in a medium whose index of refraction is high. 


c. The speed of a light signal in a medium is the speed in a vacuum divided by the 
refractive index n. 
d. The simple particle model of light is not adequate. 


EMPHASIS This section can be treated quite briefly insofar as the particle model is 
concerned. If you have the time, you might want to discuss briefly how one measures 
the speed of light. The film Speed of Light’’ will be interesting both because of the 
evidence it presents and because of the experimental techniques employed. 


DEVELOPMENT After the main ideas are clinched, this is a good spot to review the 
Stroboscope and some simple kinematics. Students usually enjoy thinking about measur- 
ing a speed as fast as that of light, To be sure they understand, ask them how fast 
Cornu's wheel (page 245) has to turn in order to get the first maximum return from the 
distant mirror, If they used d = 23 km, the light path is 46 km, and taking the speed of 
light as 3 X 10? km/sec, the light signal traverses the path in 15,33 X 107? seconds. One 
revolution should take 300 times as long if there are 200 slits, and hence one revolution 
would take 3.066 X 10 2 seconds, The wheel would be turning about 22.6 rev/sec, or 
about as fast as the fractional horsepower motors found in home workshops. But then 
Cornu's wheel had to go 28 times as fast in order to see 28 maximal 


Michelson's apparatus had only 8 sides or the equivalent of 8 slits (Figure 15-8), 
but he could rotate it faster, and he could use narrow slits to define the light beam and 
viewing direction, Hence he could get very high precision. 


You might ask students what the minimum rotation speed of Michelson's mirror was. 
The path of 2 x 22 miles is about 70.4 km; hence the light requires about 2.35 X 1074 
Sec. Since this Would be the maximum time for 1/8 revolution, one revolution must take 
at most 1,88 X 1079 seconds, This corresponds to almost 32, 000 revolutions/ min as 
the minimum rotation speed, 


Section 8 - The Status of the Particle Model 
PURPOSE To review ideas about the use of models, 
CONTENT a, This simple particle model does not work, 
b. It could be modified or abandoned. 


c. (A particle model, more complex than ours, is still quite important.) 


COMMENT Do not dwell on the incorrectness of 
our particle model. 
ein potet on d gan) that this is a very simple Todel. You dde. M oa 
nts shou ow more about mechanics and how particles beha: 
pu to make a more.complex model, except as they play with new modela . 
cises. Do not introduce the photo- electric effect or other phenomena which demand 


some kind of particle model, Instead 
except a particle, moves, ee es eee page ast else, 


UTEM 
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Chapter 15 - The Particle Model of Light 
For Home, Desk and Lab - Answers to Problems 


There are several problems in which students are asked to devise laboratory experi- 
ments, or to discuss assumptions made in laboratory experiments. Problems 12, 15, 
16, and 19 are of this type. Finally there are some problems in which,students are to 

discuss the predictions of various models of light. Problems 2, 3, 8, 41. 18, and 20 
E. 5 this nature. Of these problems, the ones you assign probably should be discussed 
class. 


Answers to all problems which call for a numerical or short answer are given follow- 
ing the table, Detailed solutions are given on pages 15-9 to 15-18. 


[ior [on [et] Ger et [aoa ra 


6, 8,9 


14*, 15, 16 17, 19*. 20* 


SHORT ANSWERS 
1. 4.89 X10? m/neo, 12. See discussion on page 15-14. 
2. See discussion on page 15-10. 13. a) (0.8)? 
3. See discussion on page 15-10. b) See graph on page 15-15. 
4. See discussion on page 15-10. c) See graph on page 15-15. 
5. Home project. d) 10 
6. See discussion on page 15-11. e) See discussion on page 15-15. 
7. a) 6.4 candles. 14. 833 m. 
b) 4. 4 ft-candles. 15. See discussion on page 15-16. 
8. See discussion on page 15-13. 16. See discussion on page 15-16. 
9. See discussion on page 15-13. 17. See discussion on page 15-17. 
10. a) 27.8 ft-candles. i 18. See discussion on page 15-17. 
b) 50 ft-candles. 19. See discussion on page 15-17. 
11. See discussion on page 15-14. 20. No. 
COMMENTS AND SOLUTIONS 
PROBLEM 1 The index of refraction of carbon disulfide is 


about 1.63. What should the speed of light be in 
this liquid, according to the particle UR of 
refraction given in Section 15-2? 


According to the particle model, the velocity of light in a medium of refractive index 


nis 5 
v 2 nc 21.63 X 3 X 108 m/sec, = 4.89 x 109 meters/sec. 

During discussion, remind the students that this formula comes from the particle analog 

of Experiment II-5, Depending on how you are developing the particle model, you may 

wish to remind them that this is an incorrect answer. 


LEM 2 Occasionally there occurs in the heavens an explo- 
Her sion of a star, producing what is known as a super 

nova, The star suddenly becomes many times 

bey prone er As you know, the stars are 

so far away that the light from them takes many 
years to reach us. An explosion that we observe 
must have occurred a long time ago, and the light 
has been traveling toward us ever since. We see 
the explosion as a bright white light, not as a 
series of different colors arriving at different 


times. 

(a) What does this show about the speed of 
light of different colors in vacuum? 

(b) Try to suggest a particle model for disper- 
sion in prisms consistent with the single speed of 
light of all colors in vacuum. 


This is a straightforward problem; the student is to analyze a simple fact about light 
in terms of the properties of a model. 


a) Since the explosion appears as white light and not a sequence of colored flashes, one 
can conclude that the speed of the various colors of light in a vacuum is the same (within 
the resolving time of the eye) assuming that all colors were released at the same time. 


b) A particle model for dispersion, consistent with the single speed of light of all colors 
in vacuum, might include some kind of variable force acting at the interface of the dis- 
persive medium, This force would have to accelerate differently the various particles 
for different colors, 


PROBLEM 3 Can you explain the different strengths of light 
sources in terms of particles of different size? How 
about the decrease in intensity caused by inserting 
a partially absorbing sheet of matter in a light 
beam? Can different intensities at varying 
oa irr ral aan celle er 
wa 


The purpose of this problem is to give students experience in tes a model b; 
comparing it with the facts learned from experiment. 5 75 z 


The problem asks us to assume that a 200 watt ligh 
ght bulb, say, emits particles which 
are larger than a 100 watt light bulb. We then have to assume Adar that 


1, a subsequent decrease in intensity by absorbers or inverse 
-Square is due 
to fewer and/or smaller particles per square meter per Pon i.e., 


T of illumination is due to two factors, size and number of particles, 


2. Pei of illumination is due to the size alone, and has nothing to do with 
: oma er of particles per square meter per second, In this case, the 
nverse-square law must be blamed on a decrease in the size of particle. 


M „ ae is logically wrong with (1), except that it seems very odd that 

close together so E cca rt ipd aa ess. 
E : 

In fact this is so odd we are likely to discard fia theory “ys or veria ie MN 


Assumption (2) must be discarded, because if the particles get smaller with time or 


distance from the s 
3 (Ib Rer T why doesn't the beam of light converged by a lens get dimmer, 


PROBLEM 4 Wea sempoa . we make in using the in- 
ess hrie : 
(See Section 4-3.) albe 
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The principal assumptions made in determining the distance of a star by the inverse- 
square law were: . 


a) E 3 law applied over very large distances for which we could not 
test it. 


b) There was no absorbing material (“cosmic dust”) between the star and us, (There 
actually is some.) 


c) The most questionable assumption is that stars of the same color have the same 
intensity and that the sun is taken to have the same intensity as most other stars, 


d) Euclidean geometry holds in outer space, 


PROBLEM 5 Make a simple photometer for comparing light 
sources. Place aluminum foil between two identi- 
cal paraffin blocks and hold the blocks together 
with tape. When light falls on this photometer 
from one side the end of the block of paraffin on 
that side appears bright. When two light beams 
of equal intensity of illumination fall on the two 
sides, the ends of the paraffin blocks appear 
equally bright. 

(a) To check that the photometer functions 
properly we turn it over so as to interchange the 
positions of the two im blocks. Wh 

(b) With such a photometer you can out 
when two light beams are of equal intensity; but 
if the intensity of the light falling on the two sides 
differs, we cannot get a quantitative measure of 
the relative intensities of illumination. Why? 


The simple photometer can be used to check the inverse-square law by checking one 
light against 1, 2, 3, 4, etc, identical lights at various distances on the other side, It 7 
can be used to see whether an ordinary electric lamp emits the same amount of light in 
all directions, 


a) If the two paraffin blocks are not identical, the ends of the blocks could appear 
equally bright despite the fact that the intensities of light falling on the two sides 
were not equal, Interchanging the blocks would now exaggerate the difference in 
intensity on the two sides and the ends of the block would differ greatly in bright- 
ness, Various combinations of blocks can be tried until two are found that give 
matched brightnesses even when the positions of the blocks are interchanged, 


b) We can tell whether one paraffin block is brighter than the other, but not how much 
brighter, because our eye cannot judge intensities quantitatively, 


In building the photometer there is a possible pitfall, (You may not want to warn stu- 
dents in advance, so you can see how many of them discover it.) If ordinary household 
aluminum foil is used, the photometer will not be symmetric, That is, if both sides are 
equally illuminated, when the photometer is turned over it will no longer show the two 
sides equally bright. The reason for this will be clear if you examine a piece of alumi- 
num foil, The two sides of the foil are not equally reflective, One side is shiny, and the’ 
other side is duller, In order to make a good photometer, use a folded sheet of foil as a 
separator, with the shiny side out on both sides, 


PROBLEM 6 Devise a procedure for checking the inverse- 
square law with the photometer of Problem 5, 


This problem can be assigned as a home project, or as a thought problem, 
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There are at least two easy methods of checking: 


1, Multiple sources. 


paraffin aluminum foil 
Me 
202 MZ 
* yes 
ML "NW 
? * 


Nite. eye 


If several nearly identical sources are available, several of them may be placed 

on one side of the photometer at a distance x from it, and balanced by another at 

a standard distance — perhaps one meter —on the other side. If one source balances 
at x = K meters (K will be 1 meter if the source is identical to the standard one) 
two sources will balance at x= KVZ meters, three at K W meters, etc. 


A good class discussion may be generated by inquiring whether the standards must be 
identical to the others. How should one check to make sure the bulbs used have the same 
intensities? 1f n bulbs are supplied from a single battery, they may load the battery 
causing each bulb to become dimmer. How could this be checked ? 


2. Size of opening. 


ope lam, ground glass 

i hole 

er NE ese 

‘Cian | "A ve 
~— x — l a 1 meter ——____+ 


Provide a uniform source by placing a piece of ground glass-- or tissue or 

waxed paper-- in front of a bright light bulb. Then place a shield in front of it 
that can have holes of various areas cut in it, As the area is doubled, the intens- 
ity from that side is doubled, and the other light will have to be placed at a dis- 


tance 1/ VZ times its original distance fr 
tanco 1/2 timan ita oe igir a i om the blocks, In fact x^ multiplied by 


Again a good class discussi 
ia ot aan qo on can be generated by asking how one might check the 


eras dus might use two openings of the same area but different 


PROBLEM 7 It is found that a 40-candle source placed 3.0 feet 


from a light meter gives the same scale reading 
as an unknown source 1,2 feet from the meter. 
(a) What is the strength of the unknown source? 


(b) What is the light intensity i 
By os ight ity in foot-candles 


This is an easy problem involving the 
Eniri Snan ar illumination units; Part e) Mm re a UR UD requires po 
440€ UK = 57.6 
a) I (9 fO2 ^ (1.2 fH" K= Tg 7 6.4 candles, 


_ 40c 
b) I= (9 fZ 


In class díscussion be sure to point out that part (a) could be worked if the 40-candle 
source had had a strength of 40 “gizmos’’, and no one knew what a *gizmo" was except 


7 4.4 foot-candles 


that it measured the intensity of a light source, 


PROBLEM 8 


The particle theory predicts that light from very weak sources has so few particles 


"What does the particle theory predict about the 
intensity produced by an extremely weak light 
source — so weak that only a few particles are 
emitted per second? How might you test this 
prediction? 
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that the light appears to come in bursts. This aspect of the particle theory can be tested 


by letting light from a weak source fall on a very sensitive light meter and looking for 


large fluctuations in the reading. Of course, if ao fluctuations are found, then light may 


still be particles--only smaller ones than were supposed when the experiment was de- 


signed, (One of the nice things about this particular “thought” experiment is that indeed, 


when we look at a sufficiently weak source, we do count individual “particles” of light, 


It is hard to reconcile this observation with a wave model.) 


PROBLEM 9 


The intensity of “light” arriving at the distant object is proportional to 1/ r’, 1. e., 
I=K/r2, The amount of “light” it reflects is proportional to the incident intensity. 
It therefore becomes a source of strength CK/r2 But the intensity of light“ arriving 


back at the radar station is I= Ses = as was to be shown, 


In the use of radar, a beam of radiation is sent out 
from a source. Some of this radiation falls on a 
distant object, such as an airplane, is reflected by 
the object, and is detected when it returns to its 
starting point. The radiation used behaves like 
light. Assuming that the source. of the radiation 
is equivalent to a point source of light and that the 
object reflecting the radiation is 4 diffuse reflector, 
can you convince yourself that the intensity of the 
returning radiations varies inversely with the 
fourth power of the distance from the source to 
the reflecting object? 


CK /r2 ‘CK 
r p 


Some students will remember a similar problem--Problem 13 for Chapter 4, 


PROBLEM 10 


a) 


NP 
| Ma . 


f 

A light meter calibratei in foot candles and a 
mirror are 2.0 feet apart, A very small 25-candle- 
power source is placecl midway between them. 
What is the reading of the meter if the mirror is 

(a) a plane mirror? 

(b) aconcave mirror with a diameter of 6 inches 
and a focal length of one foot? 


mirror 


f ale 


» FFF 


We can replace the mirror by a virtual source 1 foot behind it. Then, 


-25C 25C _ 290 27. 8 foot-candles. 


lat meter 02 * (8197 9 
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b) 
meter 


Since the light source is at the principal focus of the concave mirror, the rays after 
reflection are parallel to each other, This gives a cylinder of light six inches in diameter 
that does not change in intensity with distance if scattering and absorption are neglected. 
For the short distances involved in this problem, scattering and absorption of light in 
clear air would be very small indeed, Thus the intensity in this cylindrical beam of 
light is the same as at the surface of the mirror itself, 


25C CAAT if 
I at meter (1 ft) t am ^ 50 foot-candles. 


PROBLEM 11 A sensitive thermometer placed in the different 
parts of the spectrum frm a prism will show a 
rise in temperature. This shows that all colors of 
light produce heat when absorbed. But the 
thermometer also shows à rise in temperature 
when its bulb is in either of the two dark regions 
beyond the two ends of the spectrum. How can 
the particle theory account for this? 


The particle theory would account for this heating by saying that there are particles 
of light not detected by the eye which are refracted by a prism and which cause a rise of 
temperature in a thermometer placed at the extremes of the visible spectrum. 


PROBLEM 12 A thermometer is placed in the beam of light com- 
ing from a lamp. Its reading increases until it 
becomes steady at 26°C. When a piece of or- 

window glass is placed between the lamp 
and the thermometer, the reading drops to 23°C. 
(a) What can you conclude about the nature 
of the light coming from the lamp? 
(b) If the window glass is replaced by Corex 
glass (see Section 11-5), would you expect the 
ing to be above ^ 
Above or e eps — or below 23°C? 
© be equall 
pa you be equally sure of each of your 


This experiment indicates that some light is absorbed b i 
y the window glass, A careful 
experiment would show that the glass does not absorb or reflect this ‘hoch visible light, 


rae Mans the experiment might tell us that some “invisible” light was coming from the 
Since it is known that Corex glass passes some li 
ght which wind t, 
we would expect the temperature to be above 23? C, Since it must ES oe tient 
we would expect the temperature to be below 26°. We can be quite sure of the latter i 
answer, We cannot be quite so sure of the former, since we do not know all about 


Corex glass. It does pass more ultraviolet li tit 
n ght than ordinary glass, but it might ab- 


\ 


PROBLEM 13 A calibrated light meter shows that one glass 
Plate transmits 80% of the light from a 
source, 

(a) What fraction of the light will be trans- 
mitted by two, three, etc, up to ten such plates? 

(b) Draw a graph of the fraction of light 
transmitted as a function of the number of plates. 

(c) Plot the logarithm of the fraction of light 
transmitted as a function of the number of plates. 

(d) How many plates are needed to absorb 90% 
of the light?. 

(©) Be prepared to discuss the effect of reflection 
on the accuracy of your results. 
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a) If 80% is transmitted by 1 plate, then 80% X 80% = 0.8 X 0.8 = 0.64 or 64% is trans- 


mitted by two, and (0,8)! by n plates. 


b) 

light 100% 

transmitted 

50% 
0.74.02: 308: 5 48 657.0690 08: 9 10 
number of plates 
c) F - (0.8)* 
log F = n log (0.8) + 
number of plates 


d) 0,1 = (0.8)? 
-1 =n (-1,0000 + 0.9031) 


medir 
= 5.0969 * 10 plates. 
e) Reflection affects the results in several possible ways. 


1. If the 80% includes losses by reflection, and reflection were eliminated, clearly 
the intensities all increase; but the answers remain qualitatively the same, 


2. If the 80% includes the losses by reflection and the glasses are stacked so tightly 
together that the inner surfaces seal optically (this can be done), there will be no 
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reflection losses at the inner surfaces, and the transmitted intensity will be greater 
than without this method of stacking. 


ther effect. Suppose 
. If the 80% includes the losses due to reflection, there is ano 
; 10% reflected at an air-glass interface, Then when two plates were stacked, 
10% of 80% of the light would reflect off the second plate. 


Of this light 10% would reflect off the 

first plate, and thus 10% of 80% would 
approach the second plate. Of this 80% 
would be transmitted. Thus in addition 

to the 0.8 X 0.8 there will be a 0.1 X 0.1 
5 0.8 & 0. 8 or about a 1% correction, The 
resulting intensity variation will not be 
quite a straight line when plotted as a 
logarithm, 


plate 1 
plate 2 


PROBLEM 14 Using the data given in Section 15-7 about 
Cornu's application of the Fizeau method, 
compute the shortest distance from the rotating 
disc to the mirror that will permit the returning 
beam to pass through the opening immediately 
following the one through which it started. 


Section 7 states that in Cornu's stroboscope there were 200 openings and that it 
could turn at 54, 000 rpm. 


Time for 1 revolution= ——— min. = sy X 10˙ sec. 
5.4 x 104 ? 
Time for ng of a revolution= . x 107° 
200 1.08 pop: 
Distance light travels in that time = 18x10 meters = 1.67 X 10° meters. 


1.08 
3 
Distance to mirror = EET X10. _ 8.3 x 10? m = 833 meters. 


PROBLEM 15 It might be imagined that on each reflection the 
speed of light decreases slightly. Assuming that 
you can measure the speed of light (see Section 
15-7) describe an experiment designed to test the 
assertion that reflection does not change the speed. 


,, Instead of using one mirror, one could make the light reflect 100 times before it re- 
turned to the toothed wheel. In this way one could determine whether the speed of light 
diminishes on reflection, There are many variations, some very clever, for making this 
experiment more accurate, but it is not worthwhile spending class time discussing them. 


PROBLEM 16 Can you modify i 
your proposed experiment 
(Problem. 15) to test the e that tbe 5 
of light in vacuum is independent of previous 
refractions? 


To test the hypothesis that the speed of light in i i 
factns one NAE BEA 5 80 g vacuum is independent of previous re- 


h a number of i 
the toothed wheel, ug! of refractions before it first goes through 
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PROBLEM 17 In the Foucault-Michelson modification of the 
Fizeau method, rotating mirrors are used in 
place of the rotating wheel. (Fig. 15-8.) Assum- 
ing that mirrors are rotating 500 times per second 
and that the distance from them to the fixed 4 
mirror is 10.0 km, show that a mirror face rotates 
through an angle of 12° before it reflects the beam 
a second time and that the angle between this 
reflected beam and the original direction’ of the 
light is therefore 24°. 


=o 5 X10, gee 
3 * 10° m/sec 
angular rotation = ope rev x E x ix 10^ sec = 12° 


If the mirrors turn through an angle of 12°, the normals 
to the mirror will also change direction by 12*. The 
angles of incidence and reflection will both change by 12*. 
Thus there is 24* between the initial and final beams. 


24* between initial 
and final beams 


PROBLEM 18 Suppose that someone were to propose to you 
that sound consists of small, rapidly moving 
particles that are emitted by a source and that 
affect your ear when they strike it, What evidence 
could you use to support or to refute it? 


Sound could not be composed of particles emitted by a source and received by our 
ears, One can show this because sound does not propagate through a vacuum. 


Another way to show this would be to make a box and a barrier of material which com- 
pletely absorbs sound. Such a box would not let any sound out, However, a barrier of 
this material would let sound get around it, This could not be true if sound were particles, 
unless they were scattered by the air. If this were so, sound would be absorbed rapidly 
by the air. 


' One could check to see if sound obeys an inverse-square law, if it reflects and refracts 
like the particle model, and whether it exerts pressure. Sound does get around obstacles. 
For instance, the sound of a truck is heard on the other side of a house. This would re- 
fute the particle model, Students may know that the tweeter in a hi-fi set is placed so 
that it points at the listener, while the woofer for low tones may face in any direction, 
This shows that low tones, at least, do not always travel in a straight line. 


PROBLEM 19 We have said that light particles must be very 
small. Suggest an experiment to show that they 
must also have an extremely small máss. 


A flashlight on a sensitive balance does not appear to continually lose mass when it is 
turned on, 


Also if light particles had a large mass, they would have a great deal of inertia, and 
light shining on objects would knock them about. 
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PROBLEM 20 Is it possible that the slowing down of light as it 
goes from a vacuum into a transparent material 
is some kind of friction effect? . 


If the slowing down of light as it passed from a vacuum into a transparent material was 
due to a friction effect in the material, the speed of light in air or in glass would not be 
constant, The speed in glass would depend upon how much glass the light had traveled 
through. i 


If we assumed some kind of friction effect that was effective only at the surface of 

the transparent material, but not within it, we would have to invent some kind of 
«reverse friction" which would increase the speed of light as it left the transparent 
material, Otherwise light re-entering a vacuum after traversing a transparent material 
would be further slowed, and would be refracted away from the normal instead of toward 
if. We know that the speed of light in a vacuum is constant, no matter what the light has 
traversed, We know that light entering a vacuum from a transparent material is refract- 
ed toward the normal. 
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Chapter 16 - Introduction to Waves 


At this point in Part II, some of the major characteristics of the behavior of light have 
been described and a first step has been taken to develop a model for the behavior of light. 
A simple particle model has been seen to be inadequate. In the last half of Part II the 
course turns to another model - waves. The model must describe the travel of light 
through air, vacuum, glass and water; it must encompass the laws of reflection and re- 
fraction; it must cover the non-interaction of intersecting light beams; it must predict the 
observed speed of light in various media; and it must explain diffraction effects. The next 
four chapters explore the characteristics of waves and their applicability in a model for 
light. 

If some students show a little irritation at developing a model then throwing it away’’, 
this is a good sign of their involvement in the subject; the facts of life are that models are 
hard to give up. The Ptolemaic model of the solar system was clung to for centuries after 
its inadequacies were shown clearly. In any case, students should not get the idea that, 
with waves, we are now getting the ‘‘right’’ model. With waves we ? e taking the next 
Step in the development of a model for light. Part IV returns to this problem to show that, 
currently, particle and wave concepts must be combined. 

Students are fairly familiar with the kinematics of particles. They have watched mar- 
bles, baseballs, croquet balls and many other objects speed up, slow down, collide, re- 
bound and fracture. Their knowledge of waves is almost sure to be sketchy. True, they 
have jumped rope, perhaps thrown a loop along & clothesline, watched ripples on a pond, 
and seen waves rolling in from the ocean. But it is a rare student who has observed these 
effects with sufficient care to get a good general feeling for the nature of wave motion. 
Thus, an important part of the development of Chapters 16-19 in both text and laboratory 
is the patient building of ideas about waves from concrete examples that can be seen and 
handled. This gives a firm footing for the concept of waves in light. 

Chapter 16 introduces the general characteristics of wave motion in a simple and con- 
crete way. The chapter deals with a pulse on a coiled spring (a piece of a wave moving 
along only one dimension). 

Chapter 16 should be covered thoroughly since it is basic to the rest of Part II. Of the 
many interesting topics in this chapter, principal emphasis should go to such topics as 
superposition and reflection. These are essential to later work. 

Chapter 16 (and the rest of Part II) is critically dependent upon laboratory work. If 
you can arrange it, you may want to spend extra time in the laboratory. If you have a fixed 
amount of laboratory time per week, you may need to augment it with classroom demon- 
strations. 

CHAPTER CONTENT 

a. A wave is something which travels and yet does not necessarily take any matter along 
with it. 

b. A pulse moving along a coiled spring maintains its shape as it moves. The pulse 
moves along the spring, but points on the spring move at right angles to the motion of the 
pulse. 

c. When two pulses cross, the displacement is the sum of the displacements of the in- 
dividual pulses. | 

d. When a pulse reaches a new medium (such as a heavier or lighter rope or a fixed 
support), part of it may be transmitted and part of it may be reflected. Exactly what 
happens depends on the relative properties of the two media. 

e. Idealizations are necessary and useful in analyzing many physical phenomena. This 
is exemplified in the analysis of waves. 


f. A wave model may be suitable for light. 
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SCHEDULING CHAPTER 16 
The following table suggests possible schedules for this chapter, 


schedules outlined in the summary section for Part II. 


consistent with the 


9-week schedule 
for Part II 


Secs. 1, 2, 3 
Secs. 4, 5, 6 


RELATED MATERIALS FOR CHAPTER 16 


Laboratory. Experiment II-7, Waves on a Coil Spring. This experiment uses the coil 
spring pictured in the text, giving nts a chance to see pulse behavior at firsthand. If 
scheduling permits, the experiment might be performed in two parts, first,pulse propaga- 
tion and superposition, and second, reflection. If it is done in one part, it should be 


scheduled at about the middle of the chapter. See the yellow pages for suggestions. 


Home, Desk and Lab. The following table classifies problems according to their esti- 
mated level of difficulty and the sections to which they relate. Those which are especially 
suited to class discussion and those which are home projects are indicated. Problems 
which are particularly recommended are marked with an asterisk (*). Answers to prob- 
lems are given in the green pages. Detailed comments and solutions on page 16-17 to 
16-25. Short answers are not given for the problems of this chapter because all the 


problems require drawings or discussion. 

[Section [ mam [ enum J sari [lass Discussion [Home Projects 
. 
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Films. Simple Waves“, by Dr. John Shive of the Bell Telephone Laboratories. Be- 
havior of waves on ropes and coil Springs is used to show velocities in differing media and 
other elementary characteristics; torsion-bar wave machines used to repeat these, and 
to demonstrate phenomena of reflection and refraction. Running time: 27 minutes. This 
film can be shown at any point in your work on this chapter. However, since the film 
demonstrates all of the phenomena discussed in the chapter many teachers prefer to use 
it near the end to help summarize and tie together the ideas. E 


Section 1 - A Wave: Something Else That Travels 


PURPOSE To give students the qualitative idea that a disturbance can travel and to in- 


troduce the puls 
of short reda ag (which is easier to study and analyze than the periodic wave) as a wave 


CONTENT A wave is a disturbance which travels without nec 


along with it. Some waves are periodic, but single pulses c. material 


an also be waves. 
* 
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EMPHASIS Treat thoroughly. Many students have the idea that a wave must be periodic 
(or repetitive). Be sure that they realize that pulses are waves because they will soon be 
studying pulses to learn how waves behave. 


COMMENT Some students may quibble over a statement such as at the bottom of the 

first column on page 248: „.. every bit of water 1s left where it used to bo. , Students 
should realize that this is an idealization which can be approached quite closely. Waves 
washing ashore and waves so high that they break are cases where the water {s transported 
short distances. These are cases which are not close to the idealization which is being 
discussed. Even in these cases, the water particles are transported over only a small bit 
of the entire path of the wave. 


DEVELOPMENT A good class discussion of this section can center about HDL Problem 1 
on page 258. Students are asked to give examples of how they might get a message from 
one point to another and list each of these as either mass transmission or wave motion. 
Some of the examples will require discussion before you can decide in which category they 
belong. (Some students will not know what **mass transmission’’ means unless you ex- 
plain that it merely implies that some object has gone from the starting point to the final 
point. ) 


Some arguments will occur over whether a given suggestion is an example of mass 
transmission or of wave motion. Encourage sensible debate because many students will 
miss the whole point of the categories unless it is clear to them that the crucial question 
is one of mechanism. For example, if the suggestion involves opening a jar of coffee and 
letting the odor spread, before one can decide, one must understand what odor is and how 
it is transmitted. If you know that some gaseous molecules are released from the coffee 
and eventually go to the nose, odor transmission belongs under mass transmission. But 
if one were to postulate (incorrectly) that odor is caused by a distinctive oscillatory pat- 
tern induced in air molecules and transferred from molecule to molecule (like sound), 
odor transfer would be wave motion. 


Another example which might be either particle transmission or wave motion involves 
a string running between two windows. If you stretch it tightly and twang at one end, re- 
ceipt of the twang at the other end is rather clearly due to wave motion. But what if you 
pull it two feet into your window thereby removing two feet from the coil in the other win- 
dow? This sounds like mass transmission in a way, but no piece of string went from one 
window to the other. Do not let students waste time in a case such as this fighting over 
which one category is the best one. The two categories have not been that well defined! 
Students have learned what they were expected to learn and can go on to other suggestions 
or a different class activity. 


An example that may amuse your class is that of a long, thin-walled rubber tube which 
when observed from a distance, clearly has a small region of expanded diameter moving 
along it. This bulge usually would be an example of wave motion (unless you know that 
the bulge is caused by an animal running along inside the tube!) It would be rather un- 
important and arbitrary to decide whether or not to label it as a wave if the animal were 
known to be running inside and causing the disturbance. 


Some students will almost surely suggest signaling with a light to communicate a 
message. If this is suggested early, put it in the “questionable” category temporarily. 
When you have enough examples, return to the classification of light. If the students have 
gotten the general idea of this section, they should realize that the course has not yet 
given them enough information to decide. Inasmuch as the course thus far has not found 
a light particle, and we are just beginning to explore waves, you might place light in the 
wave category (with a question mark). On the other hand, if the simple particle model 
had worked, or if a more complex particle theory would work, light might belong in the 
mass transmission category. Indecision about where light really belongs is one of the 
reasons for learning more about what waves are like. 


COMMENTS Some students may get the idea that a wave cannot involve mass transmission. 
They will be less confused if you point out that sometimes, incidental to the wave motion, 


"^ 
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occurs. A common example is a surfboard carried forward on a 
some mass transfer occ Vun the 


water wave. Clearly the surfboard moves, but the waves woul 
board were not there. The surfboard is carried by the wave, but it is not the cause of 
the wave propagation. y 

Some students may be a bit surprised at the wide variety of phenomena that are called 
waves. They realize (correctly) that you cannot expect all the characteristics seen in a 
wave of starting automobiles to carry over to waves on à string, etc. It would be unwise 
to dwell on which waves have common characteristics. 


At this stage we are not defining a wave. Often the term wave! is reserved for the 
wide class of phenomena which satisfies the same differential equation, the wave equation. 
We cannot give students the wave equation, nor can we discuss it. Instead, we choose 
simple systems in which the wave equation holds, and observe how these systems behave. 
At this stage, we need only consider that property of a wave which permits the transfer 
of a signal without involving the sending of a material particle. 


CAUTION If you do not choose varied examples now, you may leave the student with the 
impression that waves must always have a medium through which to travel. The clearest 
examples of wave motion are those in which a wave travels in a medium which is clearly 
visible; everyone can see one end of the rope move up, pull its neighboring piece up, and 
thereby propagate a wave. Hence students are likely to associate a wave with the medium 
in which the wave moves. They can most easily visualize a mechanical wave whose propa- 
gation depends on the elastic properties of the medium. Eventually, however, they will 
have to face the idea that light is a wave motion without an apparent medium. 


One way to avoid overemphasizing the medium is to be careful in your choice of state- 
ment. A phrase like, We can see the disturbance as it moves along the rope” is prob- 
ably better than Each piece of the rope which is disturbed in turn disturbs its neighbor 
giving rise to a pulse moving down the rope". Emphasis on the explanation of the propa- 
gation (or the dynamics of wave motion) may cause students to overemphasize the im- 
portance of the medium. 


Another way to de-emphasize the importance of the medium in which the wave travels 
(aside from merely warning the class that there can be wave phenomena without a medium) 
is.to give examples in which there is no medium. Students will accept the idea that if you 
twist a little bar magnet through 180*, it takes time for the effect of this new orientation 
to be felt. (There is no need to mention that the signal speed in this case is the speed of 
light. The only ev A fact, that there is a finite speed, will probably be accepted by 
the students without r detail.) Consider the bar magnet being turned just outside a 
vacuum chamber. If there were small isolated compass needles at various points in the 
Mah each would Btart to turn when the effect of the rotated magnet became known. 

e 8 pulse of awareness“ or the pulse of ‘‘potential awareness'' which would travel 
ough the vacuum 1s a suitable example of a wave moving without a medium. 


Section 2 - Waves on Coil Springs 
PURPOSE To provide a foundation for the study of waves. 
CONTENT a. A pulse moves undistorted at constant Speed along a tube. 
b. The motion of points on the tube is quite distinct from the motion of the wave. 


c. The graphs drawn of pulses wi 
1 fi zs 2 n Mud i of pulses. Real pulses never 


on. e content“ listed ab: i 
the distinction between the motion and shape of the wave and the motion Mts ER s 


of the rope, should be und 
eae tine ek clearly. Demonstrations, problems, and laboratory 
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CAUTION You will not want to discuss in any detail the dynamics of wave motion on a 
rope. Students may ask about how one piece of rope affects the next, but they will accept 
the fact that they cannot expect to understand this quantitatively until they know how forces 
affect motion (Part III). 


Longitudinal waves are almost sure to come up. Students will think of them, or see 
them on the coil spring. For the class as a whole it will probably be best to stick closely 
to transverse waves — explaining that longitudinal waves are just another type of wave 
motion with which we do not now need to be concerned. 


DEVELOPMENT You should demonstrate pulses on a coil spring (or a rope or rubber 
tube), and have students work with them in laboratory— Experiment II-7, ‘‘Waves on a Coil 
Spring’’. It is recommended that half of two periods, be spent on this experiment during 
the time spent on the chapter. If this is not possible, one full period should be allowed in 
the middle of the time spent on the chapter. (See supplement to this section for details 
concerning a Slinky hung on strings.) 


You can clarify most of the material in this section through a detailed class discussion 
of Figures 16-3 and 16-4. In order to understand easily superposition in the next section, 
it is important for students to understand the difference between a picture (or sketch) of a 
wave and a graph of a property of the wave. Students may have some difficulty with this 
because in Figures 16-3 and 16-4 the graph closely resembles a picture. You can make 
this distinction clear to students by examples such as the following: 


If the following figure 


:! cae MS 


is a sketch of an actual wave (pulse) on a rope, it was correct not to draw in the horizontal 
axis because the rope cannot be in two places at the same time. In making a graph of this 
wave we can choose whatever vertical and horizontal scales suit our purposes. We might 
make a graph that looks like this. 


displacement 


horizontal distance along rope 


Notice that we are graphing displacement from the (zero position” against horizontal dis- 
tance along the rope. On another occasion we might watch one point on the rope and graph 
displacement against time. Botb displacement-distance and displacement-time graphs are 
somewhat deceptive because they have the same general Shape as the wave itself. If stu- 

dents still have difficulty with this distinction, you can mention that if the wave looked like 


this, 
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a graph of the absolute value of the displacement against a horizontal distance would look 
something like this. 


Now the possible difference in appearance should be clear. 


Students should consider Figures 16-1 and 16-2 together with subsequent similar 
figures as basic experimental data. Studying these figures should be like making careful 
observations in a laboratory. The following points can be made while you discuss these 
figures or during discussion of some of the problems. 


1) Make it very clear that Figures 16-3 and 16-4 are idealized graphs of displacement 
of points on the rope from their normal position (plotted vertically) as a function of position 
of each of these points along the rope (plotted horizontally). Label the two curves with two 
different times (t4 and tos or 0 and t, or 0 and 1 second, or 0 and 0.1 seconds). If possible, 


use differently colored chalk for the axis and for the curves. The portion of the axis below 
the curve is sometimes a source of confusion. Some students mistake the straight-line 
axis for the rope. 


2) Ask students whether the graphs in Figures 16-3 and 16-4 really look like one of the 
instantaneous frames from Figure 16-1 or 16-2. (You can return to the blurring later.) 
They should realize that an actual pulse would not have a sharp corner. (It is impossible 
to produce an actual pulse whose slope changes so abruptly.) The sharp corners are used 
merely as an approximation convenient for preliminary study. 


3) Once you have established that you are working with approximations, you can feel 


free to give students examples of triangular pulses and other ''flat-sided'' pulses which 
they can practice with easily. (Examples later.) 


4) In Figures 16-3 and 16-4, what indicates the average velocity of each point? The 
arrows. Their direction gives the direction of the piece of rope; their length gives the 
Speed. An optional activity (you may want to defer this until able students have had a 


chance to try Problem 9 on their own) is to graph the velocity of individual points on the 
rope in Figure 16-3 against horizontal distance. It would look like this. 5 


m. 


Practice in drawing such graphs will be useful in solving Problem 9 (a) 
5) What is the velocity of the wave? Be sure that the students realize that: 


(a) The wave itself must have a single velocity; otherwise its shape would change. 


(b) The direction of the wave’s velocity is different from the direction of motion of 


an individual point on the rope. 
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(c) The magnitude of the wave velocity is not directly dependent upon the magnitude 
of the particle velocities. If the displacement of each point were doubled, the 
particle velocities would double but the wave velocity would be unchanged (or 
almost unchanged). 


6) Why is there an apparent abrupt change in velocity at the edges of the pulse which 
is graphed? Is there an abrupt change of velocity (or blurring) in Figures 16-1 and 16-2? 
Would there be an abrupt change if you drew a displacement graph with rounded corners 
in place of Figure 16-3? 


7) Be sure to include, either during the previous discussion or now, some quantitative 
work. An example which can be used is shown below. 


0.3 
sidewise pulse moving to 
displace- 0.2 —ůů A peri 
ment of the 
rope in 0.1 
meters 


position along 
the rope in 
meters 

The graph at one time is solid line. 

The graph a little later is dotted line. 


Note: If the students object to a complicated pulse like this, remind them it is an ideali- 
zation. Perhaps the ‘‘real’’ pulse looked like this. 


0.2 = 
sidewise s 
displacement 9.1 
of the rope 
in meters 0 


ELI position along the rope 


in meters 


Also note that this is not a drawing but a graph; the vertical and horizontal scales are 
different. 


Consider the qualitative problem first. Ask about points A, B, C, D, and E. Which 
ones are moving up, down, or standing still? Many students will know immediately. For 
other students be sure to draw in the dotted line curve showing where the pulse willbe 
0.002 seconds later. (At this qualitative stage you don' t need to specify the 0.002.) It 
Should be clear immediately that points A, C, and F have not moved and, therefore, that 
they have zero velocity. Point B, during this 0.002 seconds, moved down and therefore 
has a velocity down. D moved up to D' and therefore has a velocity up. E to E' shows 
that E is moving down. 


Next you may inquire about which points are moving fastest. It should be clear, just 
from the drawing, that D moved farthest in the given 0.002 seconds, B next, and E the 
smallest distance — except, of course, for those points that remained at rest. | 

The next question is a quantitative one. What is the velocity of point D? To answer 
this refer to a larger graph: 


16-8 


During the given time interval, D moved 
a distance DD’ while the wave moved a 
distance DP. In our particular case, the 
distance DP is 0.002 sec X 100 m/sec = 0.2 meters. 
Referring to the original graph it is easy to see 

DD’ 0.3 meter DD'. 
that Pp CONTIENE Then Pp =0.3. 
DD’ = 0.3 X0.2=0.06 meters. Since this motion 
occured in 0.002 seconds, point D is moving with 
a speed 0.06 + 0.002 = 30 meters/sec. We can 
do the same for points B and E, obtaining 20 
and 10 meters/sec respectively. 


Are 


It is now time to point out, if some student hasn’t by this time, that the whole piece of 
rope from 1 to 2 meters is moving with the velocity of point B. The whole piece from 2 
to 3 meters is standing still, ete. Now a graph of velocity vs position along the rope can 


be made. 


Velocity 
of the 
pieces of 
the rope 
(meters /sec) 
10 


rope (meters) 


The graph is discontinuous. This is because ou 
: r wave had sharp corners. Actual waves 
do not, so that this velocity graph in a practical case might lock like this. 


(One reason for including this discussion on 
on a rope, their velocities add vectorially a 


graphs is that when two waves come together 
S well as their displacements.) 


cr 
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Supplementary Information on Setting up a String-Supported Coil Spring. 


The triple-length coil spring ‘‘Slinky’’ (supplied as a PSSC laboratory item) is the 
most satisfactory coil spring for this purpose. About every fifth or sixth coil should be 
supported by a string. Pick a spacing, say, every fifth coil, and then stick to this spacing. 
In order to produce waves of high amplitude which can be seen easily by an entire class, 
the supporting strings should be five or more feet long. When it is being used, the spring 
will be extended to a length of about 20 feet. In most cases it will need to be on a col- 
lapsible mounting, which can be made by running the individual Supporting strings up 
to curtain rings which can slide along a rod or taut cable near the ceiling. 


Extended for use Collapsed 


rod or cable sliding rings 
near ceiling : 
string, 5 ft long // 

or more — 


slinky supported every 5th coil 


For good viewing, the coil spring should be about waist high. It can be a little higher 
if it is necessary to clear tables or benches. Caution: if you use an overhead cable for 
the rings to slide on, it needs to be a rather heavy one and stretched tightly. Tight 
clothesline is a borderline case. This is because waves in the coil spring set up waves 
in the supporting cable which, in turn, influence the wave on the coil spring. If you sup- 
port the cable at several points, clothesline will do, but then you cannot collapse the coil 
Spring for storage because the supports will prevent sliding the rings together. Another 
warning: once you have a coil spring extended 20 feet or so, do not let it snap together. 
It can become so inextricably tangled that destructive surgery is the only recourse. 


In order to keep the coil spring extended to about twenty feet, some horizontal force 
must be applied. The figure above shows 
the end supporting strings somewhat diagonal. 
Such slanting supports will not keep the coil 
spring extended. The ends must be held. A 
fixed end is easy. Use a table or a pillar of 
concrete blocks to firmly ‘‘pinch’’ the end. 
Concrete blocks, either starting from the floor 
or starting on a table, are particularly con- table or column 
venient because they can be made to grip the of blocks 
coil spring rigidly without damaging it. : 

The person who is generating the pulses can stand at the other end. Shake a pulse 
into the spring and it will travel to the fixed end and reflect (coming back on the opposite 
Side) back toward you. If you want the pulse to reflect again from your end, you must 
grip the end of the springas rigidly as possible (rest your elbow on a table, etc.). Even 
80 you will not do as well as as another pillar of concrete blocks. But holding one end 
with your hand, you will be able to trace a single pulse up and back between six and a 
dozen times. 


Note: To observe these waves, students need to gather at the ends of the spring. A 
Student near the middle of the spring does not see the wave nearly as well as does a stu- 
dent near an end. 


Producing a free end is more difficult than producing a fixed end unless you have an 


Coil spring 
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Ideally you produce an open end by holding that end with a long string 


extra long room. 
pring or more). 


(half the length of the extended 8 


NS string 10 ft. long or preferably longer 


If you do not have a room long enough for both the extended spring and an open end, 
you will need to experiment with compromises involving shortening the length of the spring 


in order to increase the length of string at the open end. 


Since there is very little natural damping in a suspended spring, one of the first prob- 
lems you will meet is how to make a disturbed' spring return quickly to rest. Most 
attempts to force the spring into a rest position with “bare hands” only result in more 
total agitation. (If you learn to trap“ the wave near one end, you can cut down its amp- 
litude fairly quickly. What you need is a way of extracting energy from the spring. Hold 
a large piece of cardboard or similar material loosely against the spring near the middle. 
Each time the wave crosses the cardboard the spring should scrape back and forth. The 
motion willdie out quickly. If the cardboard is held so tightly against the spring that it 
cannot move, the motion will not die out rapidly. Experiments with different materials, 
3 nada forces of application should result in finding a satisfactory method of rapid 

sorption. 


If you suspend a coil spring, you may want to keep it available for the introduction of 
Chapter 18. 


Supplementary Note on Speed of Transverse Waves on a Rope. 


There is no need to give students an analytic expression for the speed of a wave on 
the rope. They will not yet know enough about mechanics to recognize the units. But 
you might find the formula useful if students are doing extra work, measuring speeds 
in the laboratory in oo get a qualitative idea of what the speed, v, depends on. 

The speed vit 2 Tension in rope 

= pe 8 given by v Mass per unit length of rope’ This shows, for example, 

5 miii ee ds x dia go (high mass and low tension) moves slowly. If the tension is 
and the mass per unit length i 

Speed will have the units meters Ner acer a pr meter, tie 


In the above relation for waves on ropes we assume that the ro letely flex- 
ible and elastic. Furthermore, we assume that the amplitude of the are al enough 
so that the local tension near the wave shape is the same as the tension on all parts of 
5 5 dits (If the stretching were severe and the local tension increased, for example, 
n. 1 T be greatest near the most stretched Spot and the wave would not main- 


Note on Wave Dynamics: Insofar as you can 
: , you will want to avoid getting into dis- 
p agi if aig 3d 1 pis does. Students will need more 4 x mechan- 
Scussions worthwhile. As background for t Ec 
mation on wave dynamics is included as 5 the [osea Er T 
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Section 3 - Superposition: Pulses Crossing 
PURPOSE To present the superposition principle. 


CONTENT The net displacement of any point which is affected by several independent 

pulses is the algebraic sum of the displacements which would have been caused by each 
of the individual pulses. This is the superposition principle: it is a fundamental prop- 
erty of what physicists call waves. 


EMPHASIS Students need to understand the superposition principle for displacements 

in order to appreciate interference in ripple tanks (and thus in light). It is not essential 
that the work be extended to the superposition principle for velocities. However, if you 
have time, you may want to extend your treatment of this section (and the chapter) to in- 
clude superposition of velocities. 


COMMENTS In discussing the constructions involving superposition such as those given 
in Figures 16-6, 16-8, and 16-9 it may be well to check to make sure that students under- 
stand that the dashed curves represent the displacement which would exist if each pulse 
were present alone. If they take pictures in laboratory, they will never see the dashed 
parts of Figure 16-6 in a picture. This point should be mentioned several times as you 
work with superposition at the blackboard. 


Ask a student to explain Figure 16-8B in order to see how well he appreciates the 
superposition principle and the distinction between a graph of a pulse and a picture of 
the pulse. Be sure the class realizes that the dashed curves are graphs of the displace- 
ments that would be caused by the separate pulses. A picture of the rope at the instant of 
part B of Figure 16-8 would be merely a horizontal line. 


A qualitative perception of the superposition principle as applied to velocities will deep- 
en students’ understanding of Figure 16-7 and the related text. Students who have missed 
the significance of the blurring as an indication of velocity in Figures 16-1, 16-2, and 16-5, 
may not realize that the coil spring is essentially undisplaced in the middle (fifth) frame 
of Figure 16-7. Furthermore, an awareness of superposition of velocities will help with 
HDL Problems 8, 9, and 10. 


DEVELOPMENT Give students practice in both wave motion and superposition by drawing 
two simple wave shapes (rectangular, or triangular, or a mixture) and asking questions 
Buch as: 

—> v=1 unit/sec -— y = -1 unit/sec 
— — m iceture at 
= 0 seconds 


label, d 


wave height 
or NW fF 


5 10 15 20 


If we had only pulse A, what would be the shape of the rope after 1 second? After 2 sec- 
onds? After 10 seconds? If we had only pulse B, what would be the shape of the rope after 
1 second? After 2 seconds? After 5 seconds? After 10 seconds? If only pulse A were 
present, where would the point at horizontal position 12 be after 2 seconds? If only B were 


present? If both were present? Etc. 


Although most students will follow readily Figure 16-9 and its explanation in the text, 
they may have only a hazy idea of what similarity must exist between two pulses if the 
point at which they meet is to remain undisturbed. Since this same question recurs in the 
next section and at several places in Chapter 18, it is worthwhile to discuss it in class. 
You may wish to draw several examples on the board and make sure that the students under- 
Stand which ones do not leave their midpoint on the rope undisturbed. Those on the left do 
and those on the right do not: 
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If you have time, you may want to give the students some of the following treatment of 
superposition of velocity. 

Two triangular pulses moving towards each other give nice examples for studying 
velocity superposition if you ignore the sharp corners. (Sharp corners imply extremely 
high accelerations; if the corners were rounded a little, the velocity changes would be phys- 
ically realizable.) Consider the two pulses shown below moving toward each other: 


velocity - 4 m/sec 


The following sequence of graphs shows points and 
posae iive d, po velocity displacements as the pulses 


Point Displacement Point Velocity 
— ———À 3 MES T 


E us uu di 


Apuy 


a) 
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Note that at t= 1 second, the two pulses add to be twice as high, but at this instant the 
velocity everywhere along the rope is zero! Compare this example with Problem 9 and 
Figure 16-16. 


If the two pulses have opposite 
polarity, 
— << 
m rm 
! 
I 


the velocity graph looks like — 
| 
[ 
1 


i 
| 


As the two pulses cross, there would be a time when displacements would add to zero 
giving a displacement graph like this 


but the velocities would be Wl. ee 
This is the case in Figure 16-7. —.— 


* X * 


While it is not at all vital, in an extended treatment of this section with able students, 
you might want to use triangular pulses to show that the particle velocity is proportional 
to the instantaneous slope. Once this is established, you can give bright students who ask 
about Figure 16-7 the semi-quantitative explanation below. 


DEF 


Cc G 
KB Hy 
Positive pulse 


è moving to right 
(See frame 1 or 2 top, Figure 16-7) 


point on 
coil spring 


Velocity 
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Negative pulse moving to left 


ae 


point on 
coil spring 


J K L MN 


Velocity 


Total displacement at 
overlap is zero 

(See frame 5 from top, 

Figure 16-7) I point on 

R coil spring 


omn 


Total velocity at overlap 


Section 4 - Reflection and Transmission 
PURPOSE To describe (not explain) what happens when a pulse reaches a boundary. 


CONTENT In general, a pulse on a coil spring is partially reflected and partially trans- 
mitted if it comes to a boundary between different kinds of materials. 


a. Ifthe boundary is a rigidly fixed end, the pulse is reflected back upside down. 
b. If the boundary is a free end, thé pulse is reflected back right side up. 


c. If the pulse goes from a light“ medium to a heavy“ medium, the transmitted 
pulse continues right side up, the reflected pulse comes back upside down. 


d. If the pulse goes from a cheavy' medium to a light“ medium, both the trans- 
mitted and reflected pulses are right side up. 


e. If the two media have nearly the same mass per unit length, most of the pulse is 
transmitted. If they have equal masses per unit length, there is no boundary (as far 
as the pulse is concerned) and the whole pulse is transmitted“. 


EMPHASIS It is important for students to realize that partial transmission and partial re- 
flection occur at boundaries. They should also know that the polarity of the reflected wave 
depends on the exact nature of the boundary. They should not be expected to have a good 
mechanical idea of why the pulses reflect as they do. Observation of actual reflection and 
transmission of pulses in laboratory work or in class room demonstrations is essential. 


CAUTION When you refer to whether a reflected pulse is ri ht sid ide down 
use these phrases, or use “erect” and "inverted", or ide GER “polar i 3 ' 
Avoid the word phase“ . Phase“ is used in Chapter 18 and has meaning only for a 
periodic wave. If “phase” is used here in place of right side up”, or “‘erect’’, or 


€ 
positive polarity", students may not get a precise notion of unter 
the concept of phase in periodic waves. Eme 


ey 


^ 
T 


^ 


Y 
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COMMENTS While it is important for students to see that the polarities of reflected and 
transmitted pulses depend upon the nature of the boundaries they encounter, the specific 
polarity of the reflected pulse on a spring is not important to the later development of 
waves. However, the idea of change in polarity is interesting in itself, particularly in 
that it gives the students something else to look for in the laboratory. (When a phase 


- change is invoked to explain the interference pattern from a thin film in Chapter 9, 


the student needs to carry over the idea that reflection can be quite different at two 

different types of boundaries. There is no direct analogy between waves on springs, wa- 
ter waves, and light waves which would make the specific polarity of the reflected wave 
on a rope important.) 


When students watch the reflection of waves on, say, a suspended coil Spring, they 
will inevitably press for an explanation“. Why do waves reflect the way they do at 
open and closed ends?“ Formally, the same old answer applies: vou do not know enough 
about mechanics yet to understand why.'' However, students will enjoy inventing (or 
hearing from you) ‘‘common sense” explanations. Such explanations are fine as long as 
they are treated as little more than mnemonic devices. 


Some students may reject an explanation of reflection which suggests that the wall 
generates a cancelling pulse. How does the wall know just what kind of pulse is re- 
quired, and how does a fixed wall know just when to send it out?” Such questions seek 
to go more deeply into mechanics of reflection than is possible now. As an alternative 
explanation (the not to be taken very seriously type), consider an ‘‘intelligent hand“ re- 
placing the fixed wall. If one tries to hold fixed one end of a rope as a pulse comes toward 
that end, he has to push sideways on the rope an amount equal and opposite to the push on 
his hand by the pulse. (Take this as straight intuition; don't mention Newton.) Now sup- 
pose that he exerted this kind of push on a stationary rope. A pulse of opposite polarity 
would be generated. Don't go into much detail. Students may have other explanations. 
See if, in this spirit, students can ‘‘explain’’ reflection at a free end. 


Section 5 - Idealizations and Approximations 
PURPOSE To illustrate how idealizations and approximations are used in science. 


CONTENT Considering a pulse on a perfectly flexible coil spring which has no internal 
resistance and is kept in a vacuum, is an example of an idealization. Since the effects 
found with real coil springs do not depend on those of its features which are eliminated 
in the idealization, the idealization can be used to advantage. 


COMMENT Be sure that the students do not confuse an idealization with a simplified 
experimental setup. Sometimes you use the idealization as a guide to setting up an ex- 
periment. At other times you merely use the idealization as a guide for what to observe 
and what to ignore in the experimental equipment already available. A third use of the 
idealization, which is not developed in this section, is as a model on which calculations 
are based. 


DEVELOPMENT You can ask students to give examples of idealizations from earlier 
parts of the course. The point of such a discussion is not to produce a definition of 
“idealization’’ or ‘‘approximation’’. Instead, it should be directed to the idea that, in 
Studying or working with complex phenomena, it is highly important to separate the es- 
Sential from the inessential. Far from being a superficial explanation, an appropriate 
idealization or approximation is often a powerful intellectual tool for dealing with a 
complicated matter. Making the right idealization is often the most important part of 
the problem. 


Here is a partial list of approximations that have been used in studying about light: 


1. Reflection is either completely specular or completely diffuse. 
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. A spherical mirror is like a parabolic mirror. 

. A spherical mirror provides a sharp focus. 

. A single index of refraction applies to all white light. 
Lenses form perfect images. 


aor ON 


Section 6 - A Wave Model of Light? 
PURPOSE To provide a transition to the study of waves on the surface of water. 


CONTENT Having seen that waves can cross without interfering with each other, and [- 
that waves can be partially reflected and partially transmitted at a boundary, we wish to 

inquire whether waves can be refracted. To do this, we must consider waves which are 

not confined to a single straight line. 


EMPHASIS Treat briefly. 
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Chapter 16 - Introduction to Waves 
For Home, Desk and Lab — Answers to Problems 


The following table classifies problems according to their estimated level of difficulty 
and the sections to which they relate. Those which are especially suited to class discus- 
sion and those which are home projects are indicated. Problems which are particularly 
recommended are marked with am asterisk (*). 


Short answers are not given for the problems of this chapter because all the problems 
require drawings or discussions. 
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COMMENTS AND SOLUTIONS 


PROBLEM 1 Suppose you look out your window and see your 
neighbor across the street sitting on his porch. In 
how many ways could you do something to attract 
his attention, make him move, or otherwise” 
influence his actions? Which ways involve mass 
transmission and which ways wave motion? 


It is not the aim of this exercise merely to inform students that some phenomena (e. g., 
Sound) are wave motions. The use of this exercise should be to give the students a better 
idea of how wave motion differs from the motion of an object. It should be made clear 
that one must know something of the detailed mechanism of a communication process in 
order to classify it. Shouting to a friend is a good example of wave motion, if, and only 
if, students realize that individual air molecules oscillate back and forth, but do not 
travel from mouth to ear. 


See Teacher's Guide, for Section 1, particularly the Development. A clear example 
of mass transmission is throwing a rock. A pulse sent along a rope is an equally clear 
example of waves. Discussion of the mechanisms of such familiar wave phenomena as 
Sound and radio waves should be avoided at this stage. It will be sufficient to note that, 
for these examples, it is difficult to find evidence of mass transmission. Many students 
will be uncertain about telephoning. (The electrical signal which moves along the wire 
is an electromagnetic wave; the electrons in the wire move only slightly.) Sending the 
heat from a fire is ambiguous. Radiation is an example of waves; convection involves 
mass transmission; conduction is most appropriately an example of waves. 


Remember that, at this stage, the classification of light is uncertain. Since the 
simple particle model did not work, mass transmission“ is unjustified. On the other 
hand, some particle model might work. At least until we get some wave evidence, listing 
light under waves should be considered as tentative. 
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PROBLEM 2 What do you think are the important factors that 
determine the speed of a starting pulse? Will 
the speed be the same for a line of trucks and a 
line of passenger cars? 


Class Discussion (Can follow Section 1) 


This is an extension of an introductory discussion (page 70) in the text. Because the 
problem can be answered differently depending upon the underlying assumptions, this 
exercise, if used, is more suited to class discussion than home assignment. 


The speed of a ‘‘pulse of starting” depends simply upon the time intervals between 
the successive starts of the cars in the line. This may be influenced more by such things 
as driving skill, habits of driving safety, and reaction time than by the acceleration of the 
car ahead. The problem boils down to (1).What does the driver use as a ‘‘signal’’ to start? 
The instant the vehicle ahead starts? The car ahead covering some reasonable“ dis- 
tance or getting up to some “reasonable” speed? (2) After getting a starting signal“ 
how long does it take the driver to get his vehicle in motion? How do alertness, reaction 
time, safety habits, driving skill, etc. affect this? 


Assuming no difference in reaction times of car and truck drivers, one might say that 
trucks, being more massive, would accelerate less rapidly than passenger cars; conse- 
quently the starting wave for trucks might be slower. This conclusion would be true if 
the drivers of both trucks and cars waited to start until the vehicle ahead got up to a rea- 
sonable’’ speed, say, 3 mph; or until the vehicle ahead had moved a reasonable“ dis- 
tance, say, 10 ft. The lower acceleration of the trucks would then cause a longer time 
interval between the successive starting signals“ for trucks than cars. 


PROBLEM 3 If an upward pulse is moving along a length of 
coil ep A the left to the right, how does a 
single point on the coil behave? 

(a) Does it move up and then down, or does 
it move down and then up? 

(b) Does it make any difference if the pulse 
moves from right to left? 


Although this problem is very easy, it emphasizes that th 
Be Fes pA ab Biche d ry easy p! e particle motion and the wave 


a) A single point on the tube moves up then down. 


b) This is true whether the pulse moves from right to left 
motion is determined by the fact that the pulse is e ä 


PROBLEM 4 Fig. 16-2 shows the displacement of a point on a 
m as a pulse goes by. Make a graph showing 
nt of this point as a function of 
time, Plot displacement vertically and time 
horizontally with y-sec intervals (the interval 
between pictures of Fig. 16-2). 
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Displacements in Figure 16-2 were 
found by measuring the distances from Frame Time Distance Displacement 
the bottom of the coil spring to the tip number (1/24 sec) (mm) 1 
of the reference arrow. acme S^ US — — — 
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nn e O H eo on on on ga 

cooomnocoocortotsto 
U n 

do do de d Sto 2 
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Displacement (mm) 
1 
> 


Time (1/24 sec) 


1 
R 


Supplementary note: This problem can be supplemented by considering a pulse, moving 
from left to right, with a displacement which as a function of distance, looks like 


eae . Have students draw the displacement of a point as a function of time when 
this pulse passes by. This will show the similarities and.differences between graphs of 


displacement vs. distance and graphs of displacement vs. time. 


PROBLEM 5 Sketch the motion of the spring for the pulse in 
Fig. 16-14. 


Ss 


This problem provides a good simple test of students’ knowledge of the relation between 
wave shape and partic speed. (See Development in Teacher’ s Guide, Section 2, Chapter 
16.) Make it clear to students whether you want only two successive positions, the **ve- 
locity arrows’’, or a graph of average particle speed as a function of initial particle 


position. 
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Note that the average 
particle speed depends 
on the assumed time 
interval. 


average 
particle speed 
original position 
of particle 
PROBLEM 6 
Using the two pulses shown in Fig. 16-15, deter- c—» 


mine the size and shape of the combined pulse 
at this moment. Do the same thing for several 
other positions of the pulses. 


Individual pulses as they wotild look if 
only one were present at a time. 


Add the displacements graphically to get 
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When the pulses are on top of one another, 
the combined pulse is twice as high as 
either pulse alone. 


PROBLEM 7 The seventh picture from the top in Fig. 16-5 
shows two pulses at the moment of crossing. 
Specify the pieces of spring that are moving and 
their direction of motion. 
In the seventh picture from the top of Figure 16-5, the lack of blur on the left side and 
only slight blur on the right indicates that, at this instant, there was either no motion or 
that the motion was very slow. 


In studying the sequence of pictures A B c 


(top to bottom of page) it can be seen 

that sections A and C of the rope have 

moved downward during the interval 

between the 6th and 7th frames. In the 7th frame, sections A and C are at rest. Between 
the 7th and 8th frames, these sections will move upward. Between the 6th and 7th frames, 
section B moved up and is at rest in the 7th frame. Between the 7th and 8th frames, sec- 
tion B will move downward. 


PROBLEM 8 In the fifth picture from the top of Fig. 16-7, 
which points are moving and in which direction 
do they move? 


Students can do this problem by examining the pictures whether or not they understand 
superposition of velocity. However, the problem is particularly instructive if the students 


have been exposed to the superposition of velocities. 


As background, look at the fourth and f 
sixth pictures. In pitture 5 the points r ͤ— — — 
are moving as shown. Note the unblurred 
part in the middle which is at rest. This x 
is where the velocity changes direction. (Insofar as the two pulses are exact opposites, 


the midpoint is a node.) 


PROBLEM 9 In the sixth picture, Fig. 16-16, we see the super- 
position of two equal pulses, each of which is 
symmetrical about its center line. ; 

(a) The absence of blur indicates that there is 
no motion at this instant. Show that this is true 
by using the principle of superposition. — 

(b) Assume you deform the coil spring in the 
same manner as shown in the sixth picture. 
What will happen when it is released? 


Assignment and Class Discussion (Can come after Section 3, but only if you have discussed 


the superposition of velocities). 


Students will not find this problem very hard if the 
as do displacements. 


y realize that velocities superimpose 
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ts of the coil spring vs. 
a) It is probably best to draw a graph of velocity of the poin 
wh dees inta iD spring. The student should note that the velocity of the leading edges 
of the pulses is upward. For the trailing edges, the velocity is downward. 


<> 
Displacement of the 
j coil spring 


Velocity of the 
particles of the 


coil spring 


p 


“Velocity pulses” 
a little later 


Velocity pulses on 
top of each other 


The principle of superposition holds for velocities as well as for displacements. Add the 
velocities of the two waves shown in the last figure to get zero. Thus momentarily the 
velocity of the spring is zero. 


_ b) If the spring is deformed as shown in the sixth picture of Figure 16-16, held at rest, 
then released, two pulses each half as high as the original deformation, will go out in 
opposite directions. 


This can be made plausible by using the following argument: Look at Figure 16-16, 
picture 6. What happens afterwards? Two pulses go out in opposite directions as stated. 
If we cover up pictures 1, 2, 3, 4, and 5 would we know how the spring came to be de- 
formed as in picture 6? No. Then no matter how it came to be in this condition the same 
thing must happen afterwards. ’’ [ 


Some students may say that we could get the same thing as in picture 6 if a single 
pulse were traveling along the spring. Although the displacement would be the same there 
is obviously a difference because if there were only one pulse, parts (especially the lead- 
ing and trailing edges of the pulse) of the spring would be moving. It might be a good idea 
to point out that if we wish to predict what will happen at future times to à wave, we must 
know the displacement and velocity of every point on the spring. 


Note that this is a new fact which is by no means obvious. Students mi 
. t suppose, 
for example, that the acceleration or some as yet undefined kinematic or 8 
a ciis e e, motion. The essential new fact is that the displacement 
locity completely determine the future (and inci: 
reps ML LT ( incidentally the past) of a wave on a 


Students will enjoy experiments in the lab to confirm these ideas. 
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PROBLEM 10 The sixth picture of Fig. 16-10 shows the spring at 
an instant when the spring is almost straight. 
Explain why there is an instant when this happens. 


In Figure 16-10 there is a symmetrical pulse coming into a fixed end and being re- 
flected. It will look like this. 


— 
Pu aes 
before after 


Halfway through reflection the displacement of the spring is the sum of the displacements 
of the incoming and outgoing pulse. 


displacement due to 
incoming pulse 


* 


Note that the dotted part of 
this graph does not represent 
what happens on the spring. 
It merely shows the rest of 
the pulse’’. 


mS 
fixed end 


displacement 


T displacement due to 
outgoing pulse 


Note that this graph of displacement should not be confused with a picture of the spring. 
The spring cannot be in two vertical positions at the same time. 


PROBLEM 11 Consider the asymmetric pulse coming from the 
left in Fig. 16-6. Draw the shape it will have after 
being reflected at a fixed end. 


The answer to this is inherent in the first line of Figure 16-9 and the text' s descrip- 
tion of reflection, particularly the second paragraph of Section 4. 


=> 
Ao L before 
F after 


PROBLEM 12 Imagine that you have a medium consisting of 
three sections of rope: light. heavy, and light. If 
you shake in a pulse, what will happen? 


Although this question simply asks students to restate what is said in Section 4, it is 
well worth doing. In order to be sure the students understand, ask them to include a 
sketch. 

. (De 

The pulse will be partially reflected and partially transmitted at each junction. ( 
not bother with the exact fraction which is reflected; the greater the difference in the 
ropes, the greater the fraction that is reflected.) : 

Note that the speed of the pulse will be less on the heavier rope. Hence dy is greater 

y. 
2 elo Meu 
than d, and 4 is greater than b. In fact, 3, = [ it is not necessary for the stu- 


2 
: 1/2 
dents to realize that this ratio is (m /m 
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PROBLEM 13 Hold one end of a long rope with the other end 
; tied to a rigid support. Stand looking along the 
rope and generate a wave by moving your hand 
through three fast clockwise circles. 
(a) Describe the wave generated. 
(b) Describe the reflected wave. 
© Lecce sivi onini 
as the wave passes forward and back. 


This might be a good test ofistuMents" ability to observe effects when they are not 
sure of the outcome. One difficulty is that itis hard for students to understand why the 
eircular wave reflects as it does. (In particular, if students try to use an argument 
apparently similar to the one given in Section 4, they will get the wrong answer!) Another 
difficulty of many students is in finding the right vocabulary to describe a circular wave. 


It will be hard to generate a good three-turn wave, but a one-turn or two-turn wave 
shows the necessary reflection properties. 


a) The wave generated is a three-turn ‘‘right-hand”’ helix. It has the same appearance 
as the threads on an ordinary screw (almost all screws are right-handed) if the screw is 
held pointing away from you. i 


b) As viewed by the observer, the rope seems to be rotating the same way in the re- 
flected wave. However, since the wave is moving in the opposite direction, the reflected 
wave would be called a three-turn Jeft-hand“ helical wave. You would not get this pic- 
„ a right hand screw around; you would need a left hand screw to serve as 
a model. 


c) As the wave passes, a particle moves over a circular path three successive times. 
As the wave is moving away from the observer, the particle moves over its circular path 
in a clockwise direction (as viewed by the observer). As the wave moves toward the ob- 
server, the particle also moves in a clockwise direction (as viewed by the observer). 


Note that for this cireular wave, the particle motion after reflection is in the same 
sense (circularly) independent of whether the reflecting end of the rope is fixed or free. 


bd 
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PROBLEM 14 Investigate how a pulse on a rubber tube at- 
tenuates under various conditions such as on bare 
ground, grass, sidewalk, and in the air. 


It probably will be best to have students make approximate measurements (rather 
than merely qualitative judgements). Of course, since the attenuation will vary depending 
on the way the tube touches the surface, there is no point in trying to get a number which 
expresses the attenuation. Onthe other hand, the students should have some specific 
observations to make and specific numbers to record. For example, they might measure 
how far a pulse travels, or how many times it is reflected back and forth, or the length 
of time the rope continues to move. 


5) Naturally the attenuation will be the greatest when the friction is largest. Although 
most students realize that the roughness“ is the main factor, many are uncertain as 

to which materials present the '*roughest'' surfaces. Try not to be diverted, at this stage, 

to a discussion of dynamics or of friction. 


PROBLEM 15 If the spring in Fig. 16-1 could be observed with 
A very precise instruments, minute variations in 
j speed would be found. In view of this, are we 
still justified in making use of the idea of a 
constant speed for a pulse? 
The main point of this problem is to get the student to think about idealizations and 
approximations. 


Whether we are justified in making use of the idea of a constant speed for a pulse 
č depends on how we intend to use this idea. For example, the only place that constant 
: speed is needed in the text (after it is mentioned in the third paragraph of Section 3) is 
in the discussion of the stationary point formed by two opposite waves. ` (See the last 
paragraph on page 252 which is a description of Figure 16-9.) In that case, if the wave 
| speed varied slightly, the point at which cancellation occurred might be slightly displaced 
im 
Í 


from midway between the pulses. Unless the exact location of the point were very im- 
portant, the constant speed approximation would be justified. ( 


Another effect which might result from a variation of speed is a change in pulse shape. 
If different portions of the wave travelled with different speeds the wave shape would vary. 
Once again, unless the exact shape were important for whatever was being considered, 
this effect need not be considered. 


Notice that if the wave shape changes due to attenuation, there is some question of exact- 
ly what you mean by wave speed. Merely speaking of the speed of a wave (whether it is con- 
stant or variable) implies either that the shape remains exactly the same or (more usually) 
that the changes of shape are small enough so that corresponding points of the wave can be 
identified in two positions. Thus, the leading edge, or the peak, or some particular kink 
must be taken as the reference point on the wave. If the wave shape varied significantly 
one would speak of the speed of the reference point rather than the speed of the wave. 

Thus, from the point of view of wave.speed, we are entitled to idealize that an actual wave 
is not attenuated, if we can recognize corresponding points on the wave when it is in two 
positions. 

f practical situations in which the variation in wave speed along 
a Web aco example, although artificial, might serve as motivation 
for a stimulating class discussion, for a laboratory exercise, cr for a demonstration. Tu 
sume that you want to find, with very high precision, the midpoint between two points an i 
that you could connect a rope between these points. How could you make the iaa p bom 
with waves? Guess at a point, put a wave on the rope, and see whether the reflecte Doom 
from both ends arrive back at the same time. Would your measurement be affected in. 
half of the rope was wet? Slightly stiff from paint? Partially rubbing 4 5 8 op 
etc. Which possible causes of error could you catch by interchanging the two halves of the 


rope? 
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Chapter 17 - Waves and Light 


The purpose of this chapter is to familiarize students with the phenomena associated 
with wave propagation in a plane. The ripple tank is introduced in the text and in the lab- 
oratory as an instrument for observing and experimenting with these phenomena. Obser- 
vation of the ripple tank gives evidence that waves undergo reflection, refraction, dis- 
persion and diffraction. The analogy between the behavior of water waves and the behav- 
lof of ud p so strong that it suggests that light may be propagated as a wave disturbance 
of some 3 


Work on this chapter should be built around the laboratory experiments, using the text 
to give continuity and to review what has been learned in the laboratory. It is not sufficient 
that students merely observe ‘‘demonstration experiments” with a ripple tank. Students 
must work in small groups and study each of the phenomena closely in order to get an ade- 
quate understanding of wave motion. 


The work in this chapter has proved to be among the most exciting in the course. Very 
few students will begin it with any real familiarity with the ideas presented, despite years 
of casual observations of water waves. Here is a real opportunity to drive home some of 
the aspects of ‘‘the scientific method". Experience with quantitative and careful obser- 
vation of wave motion — isolating events, correlating phenomena, generalizing results — 
can teach students more science than hundreds of pages in books. You will need to be 
generous with allotments of laboratory time. 


CHAPTER SUMMARY 
Sections 1 through 4 


a) Water waves are surface phenomena. Their crests act as converging cylindrical 
lenses for light passing normally through them. 


b) Segments of wave fronts move along the normal to the wave front. 
c) For reflected waves, the angle of incidence is equal to the angle of reflection. 


d) A periodic wave is a disturbance pattern which, at any point in space, repeats itself 
at a regular time interval, called the period. 


e) The speed of propagation, the wave length and the period are related by the equation 


ye 


dle 


Section 5 M 
3) The speed of propagation of water waves depends on the depth of the water. 


b) Snell's law, n 7n5,8 constant, applies to the directions of propagation of water 


waves crossing a region of discontinuity in speed of propagation. 

c) The wave model gives nj, = v/v. , Whereas the particle model predicts 112 v/ vi- 
Measurements of the speed of propagation of light verify the wave model prediction. 

Section 6 

a) The speed of propagation of water waves varies with the frequency. This dependence 
is called dispersion. 

b) Refraction of light varies with the color. Thus if light is wave-like in nature, it is 
possible that color is a function of frequency. 


Section 7 
a) Water waves do not cast distinct shadows when they pass objects whose size is equal 


it does 

to or less than X. Therefore, if light is the result of a wave disturbance, since 

cast sharp shadows of ordinary objects, its wave length must be very small compared to a 
centimeter, for instance. The bending of waves near their edges is called diffraction. 
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For light source 
above tank, screen 
below 


Water 


25 of 


Tank 


Screen 
Screen 


For light source 
below tank, screen 
above 


Water 


X Bottom of 


Tank 


Then ask students, how the focal length“ would change if the distance between crests 
increased, or if there was a change in the height between crest and trough (which you can 
call twice the amplitude, if you want to introduce this useful word). Ask them whether 
they would expect the “‘sharpness”’ of the ripple image to change with changes in the’ 
horizontal distance between crest and trough. See whether they realize how an ampli- 
tude change could compensate for this. (While there is a fairly wide tolerable range, 
the relationships between amplitude, frequency, lamp distance, and screen distance can 
be adjusted to give a quite sharp image of the waves.) 


The following questions can help drive home the points which should be established 
by observation in the laboratory. 


We are looking at a ripple tank - at one 
point on a crest of one wave (as in the dia- 
gram at the right). Where will this point 
on the wave crest go? Answer: You must 
show us more of the wave. 
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Here is a small piece of the wave: 
Where will this small piece go? 


It may go in either of the perpendicular 
directions. 


Suppose you have a circular wave. 
Can you tell which way it is moving? 
Answer: You can’t tell whether it is 
heading in'“ or out“. (A student 
may justifiably claim that if he saw 
such a wave in the lab, it would prob- 
ably be moving out because generators 
for circular waves which are moving 
in are rare. But if you tap the edge of 
a coffee cup, you will see converging 
circular waves.) 


Assume that the wave is increasing 
in radius and tell where each of the three 
indicated pieces of it will be after the 
wave has traveled, say, half an inch 
(change scale to fit your drawing). 


Answer: 


Suppose we dipped into a lake an oval- 
Shaped generator with dimensions 3 by 
6 inches. How will the wave appear after 
it has traveled a mile? Answer: It would 
be nearly a circle. (It would be a mile 
and three inches by a mile and six inches.) 
Most students will benefit by the review and 
the added insight they obtain by considering 


reflection from the wave point of view. Give 
them several exercises that they can do graphically or intuitively by thinking of wave fronts. 


Some students find the wave approach easier than the ray diagram approach, particularly 
after they have observed reflection of waves in the ripple tank. 
In the laboratory you may want to have students try to check things they remember 


JARABE 
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E ts (by dipping their finger 
about the behavior of light with spherical mirrors Most student ; 
UE ruler) can easily cae the focal point of a mirror. Have them predict the center of 
curvature from their knowledge of the focal point and check it experimentally. 


aight barrier reflecting 
It may be wise to point out explicitly the analogy between a str 
a Pu wave (Figure 19-9) and a plane mirror, reflecting a point source of light 


COMMENT If you have some students who would like a more precise procedure for con- 
structing successive wave fronts, you may want to introduce graphical construction. (This 
is Huygen' s construction, but you need not bother with the name.) 


Consider a wave front moving generally "up". How do you find its position a short 


time later? 


Since each point moves along a normal, construct the tangents and perpendiculars at 
many points. 


C 


To find the location of the wave at a short time, t, later, mark the distance vt along 
each normal. (v is the speed of the wave.) This can be done easily with a compass (or 
a piece of chalk on a string at the blackboard). After you have these marks, connect them 
to get the new wave front. 


After students understand this construction, you may want to show them the simpler 


construction which omits the tangents and normal. Simply draw many semicircles from 
points on the wave front. i 


If you draw in enough semicircles, the class will s 
without bothering to construct tangents and normals. ä 


W There are two possible advantanges in introducing Huygen' s construction at this 


1. It provides the student with a definite, foolproof way of checking his intuition about 


how a wave form will behave. Complicated wa: 
fractions can be managed in a Buen d et ile or complicated reflections and re- 


2. It sets the stage for analyzing diffraction phenomena by introducing the idea that a 


wave behaves ro th 
19-12, page 2,5 ughly the way a series of point generators would. See Chapter 19, Figure 


Section 4 - Speed of Propagation and Periodic Waves 
PURPOSE To introduce periodic waves and a method for measuring wave velocity. 


CONTENT a. A periodic wave is one which is formed by a disturbance pattern which, at 
any point in space, repeats itself at regular time intervals. The number of times it is re- 
peated in a unit time interval (usually 1 sec) is the frequency, f. 


b. The time interval between repetitions is the period, T. By definition, f= i 


c. Since waves move with a uniform speed, v, successive identical parts on a periodic 
wave form will alwavs be the same distance apart. The distance between two such suc- 
cessive points is the length, X. X- VT. 


d. The speed of waves in a ripple tank can be determined by measuring f (with a strobo- 
scope) and & (with a ruler), and by using the relation v = fh. 


EMPHASIS Understanding the relationship v = f\ is important, and students should have a 
good deal of experience with it in laboratory and in problems. Laboratory Experiment II-9 
should follow immediately the assignment of this section. It could be done on the second 
day in this chapter. Then home study and the following class day could be devoted to con- 
solidation of this material. 


COMMENT It will probably be worthwhile to spend some class time in a discussion of 
Figure 17-12 and the associated text materials. If a stroboscope gives successive glimpses 
corresponding to views A and B in Figure 17-12, it is impossible, on the grounds of that 
evidence alone, to be sure that the dashed lines drawn in the figure truly connect positions 
of the same wave at the two successive times. We assume that the wave motion is known 

to be from left to right. Then in the upper diagram a wave, between glimpses A and B, 
might indeed have moved a distance equal to 1/3) as indicated, but it might also have 
moved a distance 4/3 or 7/3h or 10/3, etc. This means that the time between suc- 
cessive glimpses might have been 1/3T, 4/3T, 7/3T, 10/3T, etc. 


Similarly, in the more important case shown in the lower part of the figure, the time 
between glimpses might, indeed, have been T, as assumed; but it might also have been 
2T, 3T, 4T, etc. You may need to remind students that they learned (in Chapter 12) how 
to find out which is correct. The frequency of operation of the stroboscope shutter can 
be increased. If the wave pattern cannot be stopped at any higher strobe frequency, then 
the assumption of a time T, between original glimpses was correct. In other words, the 
maximum stroboscope frequency, Ío which gives a stopped“ pattern, gives the fre- 


quency of the wave disturbance that is being observed: 
fy z (e stopping maximum. 


Section 5 - Refraction 
PURPOSE To show that water waves obey Snell’ s law. 
CONTENT a. The speed of water waves depends on the depth of the water. 


b. If the frequency of a ripple tank generator stays constant, there is a Single fre- 
quency throughout the ripple tank. If there are two regions with different wave lengths 
* and X,, these are regions with corresponding differences in speed: 


n 
V. 


wh 


to 


conclude that Snell' s law will apply to the 


B 


c. From our knowledge of waves we c 
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v. 
sini 1 i 
refraction of waves; i.e., FT om where V and v, are the speeds in the incident and 


sini . 
refracting regions respectively. Therefore, gin r constant for the interface between two 


v. 
d 
particular media, and the ttindex of refraction’ for waves is: 112 " 


d. The index of refraction, Dios for light traveling from medium 1 to medium 2, is 
predicted to be 51772 by the wave model, whereas, Newton’ s particle model predicted 
v,/ ME When measurements were made it was found that the wave model prediction was 
the correct one, thus lending support to the wave-like view of light propagation. 


e. Atthe boundary between two depths of water in a ripple tank, waves are partially 
reflected and partially refracted. This lends additional support to the wave model, since 
no particle with which we are familiar behaves in this uncertain way. 


EMPHASIS This is very important material. It is probably best presented by beginning 
with Experiment II- 10, Refraction of Waves, in the laboratory. This experiment should 
give students a good general understanding of the behavior of waves in traveling across 
two media having different characteristic propagation speeds. After the experiment, this 
section can be assigned for reading along with a few of the relevant HDL problems. This 
can be followed by a full classroom discussion of this material. 


DEVELOPMENT It probably will be worthwhile to review in class the proof of Snell’s law 
for water waves as it is presented on page 266 of the text. It is important for all students 
to understand this reasoning. 


COMMENT At this point it may be interesting to discuss the phenomenon of total internal 
reflection of water waves. This is merely a special case of refraction in which a wave, 
traveling from a medium of slow propagation speed into one with fast characteristic speed, 
is subject to so great an increase in speed and change of direction, that the wave is turned 
around and re-enters the original (slow) medium. 


Thus in the case of total internal re- razor blade 
flection, the disturbance actually pene- 
trates into the medium lying on the far 
side of the surface at which the reflection 
occurs. It is interesting to note that in 
the case of light, a razor blade placed so 
its edge presses against the surface (air- 
glass) along the line perpendicular to the 
paper at A in the diagram on the right will 
completely cut out the reflected beam. 

no reflected 


You might wish to let some interested wave 
d try to produce total reflection of 
water waves in the laboratory. It is not easy. You had better first b 
. e s that 
equipment is good enough so that it can be done. You will need to make vae "glow" 
region very shallow, and you will have to run your generator at a very low frequency. 


It is es. 
d 1 9 75 ieri to be able to run at 8 cycles pos Second, and 5 cycles per second will be 
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Section 6 - Dispersion 


PURPOSE To point out that the speed of propagation of waves may depend upon their 
e to suggest that different frequencies might be responsible for different 
colors . 


CONTENT a. The speed of a water wave depends on its frequency; this dependence of 
speed on frequency is called dispersion. Because dispersion is different at different 
depths of water, the index of refraction describing waves crossing a boundary between 
different depths of water depends on frequency. 


b. For shallow water and for low frequencies, the dispersion is small. 


c. Since the refraction of waves depends slightly on frequency, and since refraction 
of light depends slightly on color, perhaps different colors of light correspond to waves 
of different frequencies. 


EMPHASIS Treat fully. It will be helpful if students can observe dispersion effects in 
the laboratory. 


COMMENTS One of the most striking demonstrations of dispersion can be given by re- 
turning to the ripple tank to demonstrate refraction with an arrangement in which a maxi- 
mum amount of refraction is visible. (You should be able to produce a clearly visible 
change in direction of 15 degrees or more. The information in Appendix 8 can help you 
choose convenient frequencies or depths.) With the ripple tank operating in this fashion, 
gradually increase the speed of the motor. By the time the speed has doubled or tripled, 
the waves will move across the barrier undeviated as far as the eye can tell. Students may 
need to observe these higher frequencies through a stroboscope, although by now many of 
them will have learned to see high frequency waves by looking through their fingers as they 
Shake both their hands back and forth or by merely blinking their eyes. 


This section is not intended to show that frequency and color are definitely related. The 
principal conclusion is that frequency may be associated with the color of light. This is a 
plausible guess because the index of refraction of light varies with color and the index of 
refraction” of water waves varies with frequency. The section is written for students 
whose experience is with waves in ripple tanks using shallow water and low frequencies. 
The key point is that dispersion might depend on frequency; whether the dispersion is small 
for both water waves and light or whether it is small in one and large in another, does not 
matter. Only the qualitative aspects of dispersion are important at this point. 


Section 7 - Diffraction 


PURPOSE To introduce the phenomenon of diffraction of waves. To show the dependence 

of water-wave diffraction on wave length and to note the diffraction of light. 

CONTENT a. For waves passing through openings, the direction of propagation is changed 
at the edges of the opening. This bending is diffraction. 

b. The prominence of diffraction effects depends upon the relationship between wave 
length and the width of the opening. The effect is pronounced when the size of the opening 
is comparable to or smaller than the wave length. The effect is small when the wave length 
is small compared to the size of the opening. (The angle of bending depends on the fraction 


Vd.) 
c. If the diffraction of light is to be explained with a wave model, the wave length of 
light must be very small. 


EMPHASIS A brief treatment of this material should suffice, but it is important for 
students to do some laboratory work with diffraction. Experiment I-11 should precede 


discussion of this section. 


COMMENT Bed ren be worthetile to in class the argument used in this 
perth be how SE: quM hove à VOIP ware length. Let us recall the logic of 
hie poetis 


(0) Water waves slow reflection, refraction and dispersion 
Light siso cabbie reflection, refraction and dispersion. Therefore, perhaps 
dins 1 — 

% Water wares bead at the corser of an obstacle. 

(@ Light casta sharp shadows. ‘Therefore, the wave model seems to fail, 

(f Do water waves always bend? 

(& Mot Uf Ge were is small. Water waves passing through a alit (or around an 
saeta ey ead it Seating when the sine & eiit (or obstacle) is approximately 
equal to or leas than a wave length. 

(n mee casta sharp shadows of ordinary objecta wo lude that if ite 
Emme ee ie ee vae —— — than the 4 et 

possibility will require experiments with small slits and 


(8 Experiment shows that for sizes less than 1/10 millimeter, bending of light occurs 


e Pr. —— — € 2 ＋ ppt model, preliminary investi- 
a prediction suggested by the wave 
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we ue waler waves as a model to explore the possible nature 
4 4 M NM Sia cbeotvetioa of ripples in a tank, we are 
i Thus, the 


nda any 


waves, 
22 S GEM water in bested proves (Tor can bold light in a 


model gives us the to the proper iment with 
— 4 des Oae Md in «d uec of — 


im the film "Introduction wl 
- ts ee to Optics" you may want to remind studonta of the 


For Home, Desh and Lab- Answers i» Prubieme 


we waves. ie addition, = a may Tug Uu aD — ^W. —- 
E" Mme, „% 
"VrH- te nance tp oM bp — M, — 

m + Probleme which are partisulariy aro mortes oth ss sterioù 


Anew all — 
the abis Det reo, See ee ees 


„ thee discussion on page 37-17. 14 mo 
T. €) Jem. 8 ene 
bj Bee discussion on page 17-17. Bee discussion vn pnm ITEE 


*j Bee disosssion on page 1-17. i. aus dioesssiss vm page HPD. 


* 4 went i6. Be diomaoin s japa 21-0 
pad = 1 dienei om page 11-8 
Y P fee discussion cm pq 10-29 
* LN 10M 19. fee doneta om page 10-23 
u. (w 1.245 „ (e dibsussieo co pago 1-99 
9 . n Sn 
COMMENTS AXD SOLUTIONS 


PROBLEM 1 de Fig 0-141 DP, im a n at 7 
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On Figure 17-7 show the angle of reflection r (as in Figure 17-8) by drawing the per- 
pendicular to the reflected pulse. See below. 


In Figure 17-7 there is a proof that 
i-i. From experimental evidence, 
iï =r’. Therefore, i= i' =r’ = 25°. 


reflected 
pulse 


PROBLEM 2 A straight pulse approaches a barrier at an angle 
of 30°. What is the direction of motion of the 
puise after reflection? Indicate it on a diagram. 


If the wave crest makes an angle i’, of 30° to the barrier, then the reflected wave crest 
makes an angle, r“, of 30° to the barrier. Since the wave travels in a direction perpendic- 
ular to the wave crest, the direction of travel is at 60° to the barrier or at 30° to the nor- 
mal to the barrier, 1 


direction of wave motion direction of wave motion 
away from barrier toward barrier 


wave crest wave crest reflected 
approaching barrier from barrier 
PROBLEM 3 Describe the wave motion that results when you 


dip your finger into the center of a circular tank 
of water. What would be the motion under ideal 
conditions? 
Make sure students realize that the term ideal“ means ideal refl s $ 
ector” and ‘‘ideal 
pate a te with a ripple tank some students may associate an 
l tank with one w perfectly absorbing sides. 
ginning a discussion on focusing of avon, R 


If a finger is dipped into the center of a circular water tank, a circular wave front 


is produced which travels outward, is reflected, converges back to the center, goes through 


itself and outward again, etc. Students should note that the direction of propagation of 


each point on the outgoing circular wave is Er normal to the reflecting surface. Hence 


the direction of the corres; 
Mab toe ue NE ponding segment reflected wave is back along the same 


Yo i 
p aeaii this effect very nicely in a cup or glass of liquid by letting a drop fall 


co» —— hao <. M 
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PROBLEM 4 Suppose we place a bartier in a ripple tank in the 
shape of an ellipse as in Fig. 17-21. When a 
circular pulse is generated at point A, it reflects 
from the barrier and converges at point B. 

(a) From this experiment what can you say 
about the geometry of an ellipse? (Hint: Con- 
sider tiny segments of the circular pulse originat- 
ing from A and see how the ellipse must be shaped 
so that all segments reach B at the same time.) 

(b) What will happen if we generate a pulse at 
point B? 

(c) Will such a convergence also happen when 
you dip your finger in at some point other than 

or B? 


This problem asks for the derivation of the geometrical properties of an ellipse from 
the fact that a circular pulse started at point A is reflected (focused) so as to converge 
at point B. 


a) There are two requirements: 


1. A piece of a wave front starting 
from A toward any point on the ellipse 
Such as P must reflect in the right 
direction so that it heads toward B. 


2. All such pieces of wave front 
must reach B at the same time. 


Condition 1 requires that at any 
point, R, on the ellipse, the angles 
ARS and BRS are the same size. Con- 
dition 2 is the familiar geometric def- 
inition of an ellipse: distances such as 
ARB, APB, AQB, etc. must all be the 
Same. Condition 2 is enough to define an ellipse and condition 1 can be derived from it, 
but you may not want to go through a proof with the class (see Supplement 2 to this prob- 
lem). The fact that an elliptical reflector works“ in a ripple tank is adequate veri- 
fication for students. Points A and B are called the foci of the ellipse. 


b) It will converge at A. All reflections are symmetric about the normal to the re- 
flecting surface, and therefore the wave propagation is reversible. 

c) No. For points near to the foci, rather good convergence is obtained but not per- 
fect convergence. 


` fall about 
Try this with a circular reflector, for example a coffee cup, letting a drop 

a centimeter away from the center. The focusing to the point a centimeter on the other 
Side of the center is remarkable. 


Students will be interested in seeing s ` Pencil 
reflections from an elliptical barrier in Pins at 
a ripple tank. The barrier can easily be * the foci 
made from a flexible strip of aluminum. String 


It can be formed by fitting it to an ellipse 


lo 
drawn in the familiar manner. op 
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Supplement No. 1 to Problem 4 


It is interesting to note that perfect 
focusing from one point to another point ah 
is obtained through using an elliptical mir- circle 
ror, while perfect focusing of parallel light 
requires a parabolic mirror, and perfect 


focusing from a point back to the same point ellipse hyperbola (greater 


requires a spherical mirror. Your geometri- 

cally: bent aniio will recall that these curves angle with base 

are conical sections. As a matter of fact, it than is made by 
can be shown that a hyperbolic mirror is needed cone’ s side) | 
for a perfect virtual image of a point which is 

too close to the mirror for a real image to be . 
formed. 


parabola 
(parallel to a side) 


Supplement No. 2 to Problem 4 


Here is one proof that lines from the 
foci of an ellipse to any point on the curve 
make equal angles with the normal to the 
~ ellipse at that point. 


Consider the paths ACB, ADB, and 
AEB. From the geometric definition of 
an ellipse these paths are equal. Con- 
struct the tangent to the ellipse at point 
D, namely the line C'DE' and extend the 
lines AC and AE to meet this line at 
points C' and E'. Also draw lines C'B 
and E’B as shown. Clearly the path 
AC'B > ACB and path AE’B > AEB. 
Since paths ACB, AEB, and ADB are 
equal, it follows that paths AC’B and 
AE’B are greater than ADB. ADB is 
therefore the shortest path from A to 
B which hits the line C’DE’. This 
information can now be used to prove 
that Z C'DA = Z E/DB. A' 


For simplicity we will redraw the 
line C'DE' and the ray ADB. Now 
construct the point A’ an equal dis- 
tance behind the line C’DE from A. 

That is, AF = A'F and AFC'is a right 
angle. Then path AC’B = A'C'B 

and path ADB = A'DB. But A'DB is the 
shortest of all lines from A' to B when 
A'DB is a straight line. If A'DB is a 
straight line, ZA’DF = ZE'DB. But 

A A'FD = AAFD; hence ZA'DF = Z ADF 
and Z ADF = ZE’DB. If the normal is 
now drawn to the line C’DE’ at the point ' 
D, two angles are formed which are 
complementary to LADE and Z E' DBR and thus aen and mL 0041 uo. 
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PROBLEM 5 In Fig. 17-22 a straight pulse approaches a right- 
angled barrier at an angle of 45°. 
(a) How does it reflect? 
(b) What happens if the wave is incident at 
some other angle? 


a) The straight pulse is reflected as a 
straight pulse but interchanged end for 
end. For a qualitative understanding it 
is probably best first to consider one- 
half of the pulse such as ON, in the dia- 
grams below, follow it through the re- 
flection, and then add the dashed half. 
Leave the proof for part (b). 


ana 
jh 
ZEN. 


barrier j 
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NP 
b) This part of the problem is somewhat difficult. Again consider only the part 
of the piles in the following diagrams. Point M will follow the indicated dashed track 


through M’, and point P will follow the indicated path through P'. 
Figures 2, 3, 4, and 5 show the position of the pulse segment PMN at intermediate 
stages. In Figure 2, the pulse is shown after partial reflection. QS is 5 1 
to the first mirror and thus parallel to the second mirror. Since Zr = Zi, the comple ? 
mentary angles PMQ, NMQ, and A are also equal. The angle of incidence at lp 24 15 
mirror is equal to Z PMQ and for simplicity has been labeled £A in Figure 3 pn quu 
4, the angle of reflection is also labeled ZA. In Figure 5, ZSM'N is egual to 1 us e 
angle of reflection of Figure 4) since their sides are mutually parallel. Thus 5 
been shown that the reflected pulse is parallel to the incoming pulse, but moving e 
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opposite direction and with the ends P and N interchanged. You may wish to discuss the 
path of point N of the pulse along the line RV to the mirrors and back. This path may be 
treated as the limit to which the path MXYM’ approaches as point M is moved toward N 
along the wave front PN. 


Note that in a normal reflection from a plane mirror, left and right sides do not 
cross over. This results in your left hand being your image’s right hand. Using a 
corner mirror, however, you will find that when you move your right hand, your image 
will also move its right hand. This is one way to see yourself as other see you! 


Fig. 1. 


Fig. 4. \ 


7 
Fig. 2. f \ 


Fig. 5. Q : 


Assume you are looking at a periodi 
periodic wave of 
juency f - 4 per sec through a two-slit 


PROBLEM 6 


stroboscope. What do you expect to see if 
rotate the stroboscope with Eon oU 
and 4 revolutions Ped à frequency of 1, 2, 
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One revolution per second of the strobo- * 
scope will give two views per second. Be- E E eu M E | | one view 
tween views any particular crest will have Fae ee ql 
moved exactly two wave lengths. Thus the | | ] ] ] ] next view 


pattern will be stopped with crests one wave 


length apart. 
Two revolutions per second of the strobo- X 
Scope gives 4 views per second which is the g e AR . 5 | one view 
same as the frequency of the periodic wave. 6 
You will see a stopped pattern with crests | ] ] ] ] ] next view 


one wave length apart. The pattern appears 
to be the same as with one rev/sec. 


Four revolutions per second giving 8 views * 
per second will give a stopped pattern with L l5 y! L l one view 


crests apparently one half wave length apart. MA oi SD EE RE 
] ] ] ] ] next view 
TOI PLUR al) lio to dive 
1/2 this pattern 
PROBLEM 7 A point source in the ripple tank produces circu- 


lar periodic waves. By using a stroboscope to 
stop the motion, we measure the difference in 
radius between the first and sixth circular crests 
and find it to be 10 cm. 

(a) What is the wave length? 

(b) Why didn’t we calculate the wave 
using the radius, say, of the fifth pulse only? 

(c) Why do we use this method of measurement. 
rather than take the difference between neighbor- 
ing crests? 


a) SR Ls Therefore, À - 2 cm. Some students will make the mistake of think- 


ing there are six wave lengths between 6 crests. 

b) At any given instant, it is hard to tell whether there is a wave crest at the center 
(source). Therefore we may make an error of some fraction of a wave length. In fancier 
language, we do not know the phase of the wave at the origin. 

c) If we make a certain error in locating'the position of a wave crest, or in measuring, 
the error in the wave length is only 1/5 as great when we measure five waves as when we 
measure one. 


PROBLEM 8 (a) In a ripple tank when one pulse is sent every 
yy Sec, we find that x is 3 cm. What is the speed 
of propagation? " 

(b) In the same medium we send two pulses, 
the second one j sec after the first. How far 


apart are they? 


This problem can be used to trigger a discussion of the formula v = fX. It can also 
be worked logically without direct reference to the formula. 


a) v=f£= 10 X 3 = 30 cm/sec. 


b) v=f); 302 2X X= 15 em. 
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Or alternatively: ; PU de 
= vt fore the other one s s 

ulse travels a distance of d = vt = 30 X 1/2 be: 

is bee of 15 cm ahead of the second one. Then they travel along 15 cm 

apart. com es 
this problem is intended for use in connection with Section 4 where we s 

Bre A for propagation in a medium independent of the frequency of the 

disturbance.) 


What is the index of refraction in passing from 
eee the deep to the shallow water in Fig. 17-13? 


M  o0,94om _ 
112 =O em “L. 


10 Measure the index of refraction in Fig. 17-14 by 
e a the method you used in the previous problem, and 
by finding the ratio of the sines of the appro- 

priate angles. Compare the results. 


x .9.69 20.01 cm . 
12 X. 0.42 20.03 0m 4. 


Bini _ sin (57. 5° +1.09 _ 
12 sin F sin (29.0°22.0) 2420.14. 


These results check well within the accuracy of the measurements. 


n 


PROBLEM 11 A ripple-tank wave passes from a shallow to a deep 
section with an incident angle of 45° and a re- 
fracted angle of 60°, 

(a) What is the ratio of speeds in the two 
sections? 

(b) If the wave speed is 25 cm per second in the 
deep section, what is it in the shallow one? 


This problem on refraction can be handled as a formula problem or it can be used to 


discuss the ideas behind the refraction of waves by doing it from basic principles. In 


pee Construct successive wave fronts students will be using a form of Huygen’ s con- 
8 on. 


a) The wave pulse AB is shown at three 
Successive times. Between the last two, the B 
point D goes to D' and C to C'. But the time 
to go from D to D' is Dp’ /(velocity-shallow) 
and from C to C’ is CC’/ (velocity-deep). 
These m times are equal. Hence, 


———— asses cO ir 
Velocity (shallow) velocity (deep) ° and 


A 
X (deep) .. CC’ _ CD’ sin 60° _ sin 60° 
v (shallow) DD’ ~ CD’ sin 45° ^ sin 45° 
0.8 
92707 = 3.225. 
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PROBLEM 12 (a) A tire on an automobile wheel has a circum- 
ference of 7.0 feet. When the wheel is turning 200 
times per minute, what is the speed of the auto- 
mobile in feet per min? 

(b) A light wave whose frequency is 6.0 x 10'* 
per sec is passed through a liquid. Within the 
liquid the wave length is measured and found to 
be 3.0 x 10 centimeters, What is the speed of 
light in this liquid? 

(c) What is the wave length in vacuum (from 
which the frequency was calculated)? 

(d) What is the index of refraction of the liquid 
for light of this frequency? 


Many students will solve this problem without being aware that they made two assump- 
tions: 1) light is a wave, and 2) the frequency of light is not changed as it goes from one 
medium to another. You may want to call this to their attention in disucssing the problem. 


a) The car travels 7 feet each cycle (one revolution), thus, 
7 ft/cycle X 200 cycles/min = 1400 ft/min. 


b) The light wave travels 3 X 10˙5 em each cycle of the source, thus, 


v= f= 3 X 107? cm/cycle X 6 X 1014 cycles/sec = 1.8 X 102° cm/sec. 
10 
c) 3 -5X10 5 om in vacuum. 


14 


6 X10 ^ cycles/sec 
v 10 
d) n= a0 = 3x10 10 LL 
lig 1.8X10 
PROBLEM 13 The ripple tank is arranged so that the water 


gradually becomes shallow from one side to the 
other. Because of this, on one side of the tank 
the speed of a wave crest is different from that on 
the other side. As a result, straight waves become 
curved (Fig. 17-23). In the picture the pulses are 
moving toward the top of the page. 

(a) Which is the shallow side? f 

(b) Does a similar phenomenon occur with 


- light? Be prepared to discuss this in class. 

This problem is more suitable for class discussion than for home assignment. The 
first part of the problem involves the variation of the speed of water waves as the water 
depth changes. Students can do this part after they have seen, in the ripple tank, that 

in shallow water. The second part of the problem is 


water waves move more slowly 
somewhat more difficult. The student must realize (1) that a similar phenomenon might 
in some medium, and (2) that such 


occur if the index of refraction changed gradually 
situations do exist. They may recall Problem 9, Chapter 13 which dealt with atmospheric 
refraction. 


a) The shallow side is the right side. 
adually 
b) At first glance one might think of a lens or prism made of glass having a gr 
Fete m Er index, Such items are not generally made. But there is an example 
in nature. As light comes through the atmosphere it curves as the index of refraction of 
the air gradually changes from 1 to its maximum value at sea level. This allows the sun 
to be seen for a few moments after“ sunset and before“ sunrise. j 
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apparent position 


observer 


Atmospheric refraction is also responsible for the “water” mirages that are commonly 
Seen on roads on hot days. The sun heats the road, and the air near the surface becomes 
hotter (and less dense) than that above it. In this situation, the speed of light is greater 


near the road surface than it is a few feet above. Then light from a distant source which 
is headed toward the road in front of the viewer will gradually curve upward. H the angle 
is proper, the sky can be seen by looking down slightly toward the road. This effect is 
interpreted by the observer as resulting from reflection from water on the road. 


PROBLEM 14 Water waves traveling in the deep section of a 
y ripple tank at 34 cm/sec meet a shallow part at an 
angle of 60°. In the shallow part all waves travel 
at 24 cm/sec. When the frequency is increased 
slightly, the waves are found to travel at 32 cm/sec 
in the deep section. 
(a) Compute the angle of refraction for each 
case. 
(b) Considering the ripple-tank conditions, is 
it easier to measure the two speeds and find their 
difference directly or to measure it indirectly by 
the angular difference found in (a)? 
(c) How can we detect small differences in the 
speed of light? 
It should be pointed out to students that the velocity of the wave in the shallow part 
continues to be 24 cm/sec though the frequency is increased. 


a) Refractive index = H in one case and 32 in the second. In the first case 
sin oor = 34 sin 0. 0 = 38°. In the second case 0 = 41°. 
f 


b) In order to measure directly the speed of propagation of a periodic wave, it is 
necessary to make a time and distance measurement, or a wave length and frequency 
measurement. In a ripple tank, in principle, either of these methods could be used. 


One can compare the speed in one medium with that in another by measuring the change 
in angle of propagation as the wave moves from one to another. Thus if the 24 cm/sec 
speed in shallow water were known, measurement of the angles of refraction of high and 
low frequency disturbances could, in principle, yield the 32 and 34 cm/sec speeds. How- 
ever, this is a very small difference to detect by normal ripple tank procedures. 


In the first place, it is very difficult to control the frequency of most ripplers with 
sufficient precision to render measurable this small difference in speeds. Secondly, 
the motion of a wave together with its width makes it difficult to specify its position at 
any instant. If a disk stroboscope is used to ‘‘stop’’ the waves, this difficulty can be 
overcome and a wave length can be measured if the frequency holds constant. However, 
even with the use of a disk stroboscope, the angle measurement can be tricky. A change 
» aea pe rani oc Ronn results from the interaction of the finite speeds 

an 5 e slit trave. 

pae ma T s across the wave, the wave moves and its apparent 


On the other hand, if one only wishes to show the change of index of refraction with 
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change in frequency, it is fairly easy to observe qualitatively (in the frequency range 
which is generally used) that the bending of waves decreases as the frequency increases 
and that thus, the index must decrease in value. 


c) In the analogous experiment with optical instruments (a prism spectroscope), angles 
are very easy to measure, whereas the speed of light is quite difficult to measure, par- 
ticularly in different media. Therefore, with light the angle measurement is preferred. 
ros oa the observer to calculate the speed of light in any medium relative to the speed 

air. 


PROBLEM 15 We set up the ripple tank as shown in Fig. 17-24 
and generate a periodic straight wave. The result- 
ing wave pattern is shown in the photograph in 
Fig. 17-25. 

(a) Explain what is taking place. 
(b) Of what optical arrangement is this a model? 


(deep) 


o barrier 


(deep) 


— Wave ee 


This is an important problem which is well worth class discussion. It affords the 
opportunity of reviewing lenses and refraction from the wave point of view. 


a) The straight wave fronts are bent in such a way that they converge to a focus“ 
in the deep region behind the barrier. 


b) This is a model of a converging lens. A B 
Notice that the wave travels more slowly 
in the shallow region and that the wave D c 


“comes together”, i.e., focuses, ata 
point C whose position is such that the 
time for each part of any wave front to 
get to C is the same as that for any 
other. The time to go from A to B to C is the same as to go From D to E to C. Clearly 
ABC is the longer path, but this is just compensated by the fact that DEC goes through a 
greater length of shallow water where the wave travels slowly. 
You may want to compare this with Problem 4 of this chapter where it was seen that 


focusing came about, in the reflection from an elliptical barrier, because it took the s 
same time for all segments of the wave front to reach the focus. In this problem, though 
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Chapter 18 - Interference 


Thus far, the wave model of light agrees with the characteristics of light that were 
studied earlier. Does the wave model make any predictions, the counterpart of which we 
may not have seen in our previous experiments with light? The superposition of waves in 
one dimension showed that when waves passed through each other, regions of complete 
cancellation, nodes, were produced. Do the two-dimensional waves of the ripple tank 
similarly show interference? 


In this chapter the experimental study of water-wave interference is approached both 
qualitatively and quantitatively. A student who has seen the interference pattern of a two 
point source and studied visually the effect of varying the separation and frequency of the 
sources has a rich background for the understanding of similar phenomena in light, sound, 
etc. From measurements made of interference patterns in the ripple tank, it is possible 
to calculate wave lengths. Laboratory work with the ripple tank is therefore an impor- 
tant part of this study. It is also essential that each student does some of the graphical 
HDL problems such as Problems 3 and 5. 


CHAPTER SUMMARY 
Section 1 Appropriate periodic waves sent from opposite ends of a Spring can produce 
nodes at certain fixed points as the waves pass through each other. 


Section 2 The principle of superposition is used to predict, by graphical methods, the 
interference pattern that will develop when two point sources generate circular waves of the 
same frequency and in phase in a ripple tank. Regions of double crests and troughs move 
outward from the sources and are separated by lines of undisturbed water which also extend 
outward from the sources. 


Sections 3 and 4 The difference in distance from the two sources to any point on a nodal 
line is an odd multiple of a half wave length. Far from the sources, obtaining the path 
difference by direct measurement would lead to great inaccuracy. Geometry enables a 
simple determination of the relation between source separation, position of the nodal line, 
and wave length. This relation can be verified with measurements which require only 
moderate accuracy. 


Section 5 If the two sources are not in phase the nodal lines shift, bending more sharply 
around the source which lags behind. The methods developed in the previous sections are 
extended to arrive at a mathematical relation that includes the factor of phase delay. 


Section 6 Summary and Conclusion. 
SCHEDU HAPTER 18 

Gestion jui time required on the ideas of this section will depend on the students’ 
facility with the ideas of Chapter 16. Demonstrations with the suspended spring will be 
helpful in making concrete the idea of periodic waves. The material must be understood, 
but try not to spend too much time here. Experiment I-12, a priority experiment, should 
be done after this section has been discussed. 

e is won when the students, from observations of ripple tank 

M. 5 sae on W can produce zero disturbance at some points. They will 
follow the text argument more easily if they also perform some of the graphical problems. 
The first part of Experiment I-12 can introduce this section. 

Sections 3 and 4 The analytical arguments of the text can be supplemented by the con- 


4). The 
vin tions of Problems 9 (Section 3) and 5 and 10 (Section 
beens bart t I-12 can be done after these sections have been taken up in class. 


= k way to convince students 
Section 5 xamination of the p = 1/2 nodal pattern is a quic 
that the aie — 5 is an important determining factor. This is the section where even 
the brighter students may have trouble. Do not labor the material, or try for complete 
understanding unless the going seems reasonably easy. Experiment II-13 can be done in 
connection with the work in this section. 
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755 14 week schedule 9-week schedule 
i for Part II for Part II 
Subject Class Lab Class Lab Exp't _ 
Periods Periods Periods Periods 
z a a cea 


RELATED MATERIALS FOR CHAPTER 18 


Laboratory. Experiment I-12, Waves From Two Point Sources, a priority experiment. 
To be done after first class period on chapter. 


Experiment II-13, Interference and Phase, This experiment should be done with 


Section 5. See the yellow pages for suggestions. 

Home, Desk and Lab. The following table classifies problems according to their estimated 
level of difficulty and the sections to which they relate. Those which are especially suited 
to class discussion and laboratory observation, and those which are home projects, are 
indicated. Problems which are particularly recommended are marked with an asterisk (*). 


Answers to problems are given in the green pages: short answers on page 18-9; detailed 
comments and solutions on page 18-10 to 18-23. 


Films. PSSC films related to Chapter 18 are not yet available. 


Science Study Series. ‘‘Waves and 2 
NEL ENTER S 8 the Ear”, by Willem A. VanBergeijk, John R. Pierce 


Sectio 1 - Introduction 


PURPOSE To introduce interference thro 
A ; ugh considering periodic waves in one dimen- 


CONTENT a. B 
page i aane, review of reflection, refraction, and diffraction indicating the status 


b. The midpoint between two similar, but inverted, 
» , pulses ona s 
8 8 puns ore each € If a periodic wave is reflected, the — ko io 
cted waves produce zero total disturbance occur at fixed 
spring. These positions are called nod —— on ho 
ors e es. The superposition of two wayes to produce 


AME ee CREE 
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EMPHASIS This is background material which should be understood thoroughly before 


proceeding to two-dimensional nodal patterns. The time required to develop this section 
will depend largely on how well students understand the first four Sections 5 Chapter 16. 


DEVELOPMENT The concept of nodes on a coil Spring should be introduced with demon- 


strations with a coil spring, by problems like 42 of HDL, and questions such as 
the following: 


Consider two positive (upward) pulses which are introduced simultaneously at opposite 
ends of a rope. At which point will there be a maximum upward pulse? 
If one pulse generator pushes the rope 
vp at one end while the second pulse is in- 
troduced as a downward push at the other awe ar 
end, which way will the center point move 
when the pulses meet? If the two pulse 
generators put in pulses of opposite po- 
larity, how must the pulse shapes be re- 
lated for the rope center to be a node? 
(Draw some odd-shaped pulses to be sure 
that students understand that both the iem 
shape and size must be right to produce a 
node.) To be sure students understand, 
draw oxe of the pulses (as shown in the 
left column of the diagrams) and ask 
someone to draw the pulse which should 
be introduced at the other end. 


Students will get a clearer idea of 
cancellation if you use some pulses that 
are not symmetric; otherwise some stu- 
dents may think that you get a node only 
if each pulse is symmetrical with respect 
to its own center. 


Problem 2 will probably be easy for students after such a demonstration. 
X KK 


While you have the coil spring set up, it is a good idea to prepare the class for the 
ideas of path difference and phase difference in two dimensions by using the following 
exercise. Send a student to each end of the spring and ask each to start a positive 
pulse when a third student counts three. Then give the class the problem of deciding 
whether the students really start their pulses at the same time. Even if students do this 
without supervision in a laboratory, they will rapidly agree that watching the pulses as 
they add at the midpoint, where the maximum displacement should occur, is the best 
wayto decide. If one student sends a positive (upward) pulse, and the other a negative 
(downward) pulse, a node should occur at the midpoint. 


Ask what co e done to make the pulses cross at a different point. Ask them to 
decide b pid should move (and which way) in order to keep the pulse juli MR 
at the center even though one student starts his pulse later than the other. Be ey à 
Students realize the relation between the point of crossing, the difference in starting 
time of the two pulses, and the two path lengths. 


Section 2 - Interference From Two Point Sources 3 
PURPOSE To develop the concept of nodal lines in surface (two-dimensional) waves. 


f the same frequency (and 
CONTENT Two poig sources generating waves (in phase) o i 
amplitude) Es c of lines along which there is no disturbance; these are 


18-4 


called nodal lines. Between the nodal lines, crests reinforce crests and troughs reinforce 
troughs to give double crests and troughs which move away from the region of the sources. 


EMPHASIS The extension of the interference concept to two dimensions, with appearance 
of nodal lines, is very important to the understanding of the remainder of this chapter and 


Chapter 19. 


LABORATORY A period or even half a period spent in the qualitative study of interference 
patterns (the first part of Experiment II-12) before the assignment of Section 2 will greatly 
increase the students comprehension as they read. Encourage students to draw good 
Sketches of what they see in the ripple tank and also to study the patterns with the disk 
stroboscope. 


COMMENT The new element in this section is that the waves are in two dimensions. 
Conceptually this often presents a big problem to students, although the actual treatment 
turns out to be rather simpler than might be expected. Experiments with the ripple tank, 
and graphical exercises, will form an indispensable addition to the text discussion in fa- 
miliarizing the students with interference in two dimensions. 


DEVELOPMENT If the study of this section is preceded by the qualitative part of 
Experiment I-12, a few minutes spent at the end of the period in a blackboard demonstra- 
tion of how to begin the drawings for Problems 3 and 5 will give a great deal of additional 
meaning to the students’ study of the textbook. A drawing which shows the simultaneous 
positions of crests and troughs will enable them to pick out points for cancellation as well 
as reinforcement. Stress the principle of superposition in this construction. You might 
use solid lines for crests and dashed lines for troughs. Encourage students to begin such 
a drawing, exercising care in the proper spacing of the circles, before they read Section 
2. A large sheet of paper should be used for the drawing with the sources near the center 
of the sheet and a wave length of about one centimeter. 


The beginning of the next class period might be profitably spent in having students 
draw the nodal lines on the drawing for Problem 3. This should then lead naturally into 
a discussion from which you can determine whether they understand what is happening 
between the nodal lines. 


Note on nodal lines where the cancellation is not complete: 


We are now discussing waves in two dimensions. A characteristic, not stressed in 
the text and not qualitatively important in the development, is that the wave amplitude 
decreases as the wave moves from the point source. (This happens because as the wave 
spreads out, the same amount of disturbance covers an ever-increasing amount of sur- 
face, so its intensity diminishes.) Consequently, unless we look at a point equidistant 
from the two sources, the two waves will not have exactly the same amplitude. At all 
points far from the two sources, this difference in amplitude becomes so small as to be 
Me uai ‘ At certain places (the nodal lines) there will be complete destructive in- 
5 1 of the two waves, i.e., the water surface will be undisturbed. On the other 

, consider the water displacement at a point close to where the nodal lines cross 
the line joining the two sources. The wave from the source closer to the nodal line 
will, by definition, be out of phase with the wave from the farther source, but it will be 
perae in W so that the two waves will not exhibit complete destructive inter- 
pius a 5 15 surface will not be undisturbed at this part of the nodal line. The 
. bened Ie A fe hoe aoe 

. 8 eviden Figures 18- - 
other photographs. The nodal lines are well marked at 15 5 r 8 . 


but a nodal line which would pass clos indi 
Wig apes Mp. i nut bees e to one of the sources becomes indistinct, and 


Thus, to be strictly accurate, the nodal li 

nes as calculated in th 

Sone which the water disturbance is a local minimum, but not 0 r 
owever, at points far from both sources, and at points roughly equidistant fron the two 


sources, the disturbance at the nodal li i 
SUE e uq. 9 nodal lines becomes negligible, and fhe surface is effec- 


AAA- eee 
" dE — ĩ˙ — 


E rn kj IP Vw PN 
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In all of our applications of these ideas to light propagation we shall be concerned with 
points far from the sources, where the above qualification does not apply. It may be ad- 
visable, therefore, not to mention this point unless some Student, by close inspection of 
the observed ripple tank pattern or by insight, asks questions. 


Section 3 - The Shape of Nodal Lines 


PURPOSE To show the relation between path difference and wave length which holds at 
all points along nodal lines. 


CONTENT Maximum destructive interference occurs at points where the difference be- 
tween the path lengths from two sources is 1/2X, 3/2, 5/2, etc. A nodal line is the 


locus of points for which the path difference is (n - 3) à, where n= 1, 2, 3,.... 


EMPHASIS You should stress the crucial role of the path difference. Students can get 
the qualitative ideas necessary to understand interference in light if they realize that a 
path difference of 1/2, (or 3/2 X, or 5/2, etc.) implies destructive interference. It 
is the concept of path difference, more than the shape of the nodal lines, which should be 
Stressed in this section. The section should go fairly quickly, as a commentary on the 
detailed construction of Section 2. 


DEVELOPMENT The construction displayed in Figure 18-11, and elaborated in Problem 
9, will be useful as a class discussion or a home exercise, in emphasizing the role of 
path difference. Physically, it corresponds to fixing one’s attention on a particular part 
of the wave from one source (a crest, a trough, or an intermediate point) and on the 
appropriate place on the other wave profile that has just the opposite displacement. The 
intersection of these two parts of the wave fronts is a point of zero displacement. We 
plot the successive positions of this intersection as both waves move radially outward. 


Section 4 - Wave Lengths, Source Separation, and Angles 


PURPOSE To develop the algebra for calculating an interference pattern at large dis- 
tances from the sources. 
CONTENT a. When the distances from the sources are much larger than the distance 
between sources, the nodal lines become essentially straight lines which, when extended 
back toward the sources, go through the midpoint between the sources. 

b. When the distances are this large, it is impracticable to obtain the path difference 
by measuring the two paths and subtracting. : 

€. To a good approximation, the path difference depends on the source separation and 
the angle made by the straight line portion of the nodal line. 


, tudents have a good 
EMPHASIS These ideas will be needed in the next chapter. Be sure s 

qualitative understanding of the nature of the interference pattern far um je 79 — 11 
even though you may not take time for the full algebraic development. The tast p 


Experiment [I-12 can be performed at this point. 


COMMENT Going from water waves in a ripple tank to a study of 1 7257 E Varig 
mendous change of scale. Consequently, all the experiments Ae 1000 580 the 
regions far away from the light sources. It is for this reason Gy d a 5 5 ju 
nodal lines in distant regions, although they are not so important in 145 un tho ided of 
comment about this point will help students see the reasons for considering 


this section. 
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would become increasingly hard to make circles of sufficiently accurate radii so that 
their intersections form a smooth, almost straight line. Students will agree that another 
method is needed for the distant regions. They will find, however, that for ripple tank 
photographs in the text, direct subtraction is still a useful procedure. 


The geometric arguments illustrated by Figure 18-12 (involving the result that for 
distant points such as P, the two angles (1) and (2) must be close to right angles) will be 
accepted more easily by students if they verify the arguments with graphical measure- 
ments. They should consider series of cases starting with a point P that is close to 
81 and 82, and progressing to distant points. In fact, if students have followed the graph- 


ical procedure of the previous paragraph, the same diagrams can be used. The diagram 
here is self-explanatory. 


It is worthwhile to spend some 
time on this point, since approxi- 
mations of this kind are sometimes 


(a) arcs drawn 
VS? previously, with 


felt to be strange and not quite Vi 7 va 1/25, 
right" by students who have had say. 

experience with rigorous plane geo- 

metry. Once the point has been ac- b) B ita m a ed 
cepted, the arguments of the text 2. 

will be relatively easy. Practice a on intersection P. 
with graphical exercises will be uu " lato. 
helpful throughout. In addition to c | (c) er Eid 
Problem 9, Problems 5, 10, and S S Pt ki 

12 are pertinent and useful. 1 2 paro Vos. Mang 


equal angles (1), (2). 


COMMENT The symbol 9 may trouble some students because they may think of 0 as 


a variable and may not be familiar with the notation in which a subscript implies a par- 
ticular value. The idea that 94 represents a series of particular values, each one 


determined by the value of n, may need explicit mention. 


Section 5 - Phase 
PURPOSE To illustrate the effect of the relative phase of sources on interference patterns. 


CONTENT a. E two sources of the same frequency do not dip into the water at the same 
time, they are ‘‘out of phase’’. If one source lags behind the other by a time, t the 


phase delay, p, is defined as p = t,/ T. For example, source 1 lags behind source 2 by 
2/3 T, p= 2/3. 


b. If p is not zero, the nodal lines are shifted from their“ 
0, eir ‘‘in phase" position. The 
formula for the positions of the nodal lines is a simple 05 of eller result. 


EMPHASIS Your development of this section will de 
pend on how well im- 
Bani cus mine results. an understanding of this section will pna pm 
ion o erference, and the arguments are scarcel 
in-phase situation. But keeping track of the i tene Ex 
phase is one more thin: 
mental processes, and your less able students may want to give € — Es 


Should aim for i i 
MAL DOES. S an awareness that the relative phase of the sources does affect the 


— - 
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LABORATORY Experiment 0-13, Interference and Phase, can be performed at this 
point. 


DEVELOPMENT The definition of phase lag is somewhat arbitrary, and in any particular 
problem it is a matter of convenience to say which source lags in phase. In the example 
given in the text, at the beginning of this section, 8, lags behind 81 by a third of a period, 


so it has a phase lag of p = 1/3. Since differences in phase of a whole period are imma- 
terial, we may say alternatively that 81 lags behind 8, by two thirds of a period, i.e., 


p’= 2/3. To avoid confusion we stick to one convention about phase. Problem 15 may 
be used to get across the definition of phase lag. 


The redrawing of the crests and troughs for the out-of-phase case (Figure 18-14) 
need not be carried out in detail. If students get the point that one series of circles now 
has smaller radii, they will readily appreciate that the nodal lines are in new positions, 
and those students able to follow the arguments in detail will probably be able to go straight 
to the path-difference discussion. The best way to convince all of your students that phase 
is a determining factor is to discuss the case p = 1/2 as a special case. That the center 
line is now a nodal line is very clear, since it is the line of equal path differences, so that 
along it, the two waves are always out of phase. (In the sense of the note at the end of 
the Guide for Section 2, this is the one case of a true nodal line, i.e., a zero of water 
disturbance, rather than just a local minimum.) 


COMMENT In more advanced physics courses, the concept of phase angle is commonly 
used instead of phase delay. Students do not need a definition of the phase angle. It may 
only confuse them if you mention it. 


Section 6 - Summary and Conclusion 


COMMENT It is important for the study of Chapter 19 that students understand the con- 
clusion stated in the last paragraph of the text. To maintain a fixed interference pattern 
the phase delay must remain constant. To observe interference in light it is ‘important 
to consider constancy of phase in the design of the experiment. 
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Chapter 18 - Interference 
For Home, Desk and Lab — Answers to Problems 


The graphical exercises can be drawn Successfully without elaborate instruments, but 
they need care. For accuracy in drawing many circles with the same center, the paper 
Should be taped onto a drawing board or piece of heavy cardboard. Use of differently 
colored pencils for different features will make for better understanding. 


The following table classifies problems according to their estimated level of difficulty 
and the sections to which they relate. Those which are especially suited to class discus- 
sion and laboratory observation, and those which are home projects, are indicated. Prob- 
lems which are particularly recommended are marked with an asterisk (*). 


Answers to all problems which call for a numerical or short answer are given following 
the table. Detailed solutions are given on pages 18-10 to 18-22. 


Home Projects, 
Section | Easy | Medium Class Discussion | Lab or Demonstration 


SHORT ANSWERS 


1. See discussion on page 18-10. 12. (a) 0.24, 0.35 
(b) 2.2 em, 1.5 cm. 
2. See discussion on page 18-10. 
13. See discussion on page 18-13. 

3. See discussion on page 18-10. 

; 18-12 14. B= 23. 6°; Y= 36.9"; 
4. See discussion on page 18-12. B= 29.3*; 7» 30. 7. yes. 
5. See discussion on page 18-13. 15. (a) V6 1 
6. Theyare no longer nodal lines. (b) 2 min. 

See discussion on page 18-13. (c) No change in phase, speed 


: s to 1. 6 km / min. 
7. (a) Parallel to the barrier. change 
(b) Same, between the rows of double 16. See discussion on page 18-20. 


crests. See discussion on page 17. (a) 0.3 
1843. (b) 0 
Also need to know n. 18. (a) 5.7° 


i 18-14. (b) 11, 5° or 0° 
9. See discussion on page (c) 10, or 11 


A 
10. Sine of angle and (n - 3) d Should 19. Interference is just one half of that 
agree to within 2%. for two sources 6^ apart. Image is 
11. See discussion on page 18-16. in phase. 


20. See discussion on page 18-22. 
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COMMENTS AND SOLUTIONS 
PROBLEM 1 Summarize the evidence for the wave nature of 
light. 


hort discussion of this problem can set the stage for the study of the rest of Part 
bu m veminting students of di Bvidende we have gathered for wave properties of light. 


to steer discussion toward is that diffraction is a character- 
au fave det AM model cannot explain in even a qualitative way. All the other 
properties — rectilinear propagation, reflection, refraction - can be understood with a 
wave model, but they also follow from the particle model (with the exception of the wrong 
velocity relationships the particle model gives for refraction). Interference will also 
turn out to be clear-cut evidence for waves. 


PROBLEM 2 We showed in the text (Figs. 18-1, 18-2, and 18-3) 
that when pulses are incident periodically on the 
fixed end of a spring, the point P, a distance )/2 
from the end, never moves and is therefore a node. 
Extend the argument to show that 

(a) the point P,, a distance A in front of the 
end, is a node, 

(b) the point Fr, a distance 3/2 in front of the 
end, is a node. 


This easy problem involving path lengths gives good practice for later, more complex, 
nodal patterns. 


a) in order to decide what happens at Py X from the wall, consider the pattern of pulses 
when the reflected pulse, a, reaches P,. This would occur at a time T/2 after being in 
the position shown in Figure 18-3. 
Note that both c and a have moved 
a distance of 2 from their positions 
in Figure 18-3. Just as the effects of 
pulses a and b cancelled each other at 


P, the effects of pulses a and c will 
cancel each other at P; At a later 


time, T, pulses b and d will meet at 
Pi and their effects will cancel. 


b) The point P, can be shown to 
be a node in a similar way. When 
pulses a and d meet at Pz, pulses b and c will be meeting at P. This will happen at a’ 


time T/2 after the diagram shown above or at a time T after Figure 18-3. 
PROBLEM 3 Draw the sets of concentric circles and the inter- 
ference pattern from two sources with d = 5) at 
the time: 

3 che generators have just produced 
c : 

(b) when they have j i 
9 they have just produced the following 


How have the reinforced i 
the time interval between these drawings? 5 
The solution of this problem should help students understand Sections 2 and 3. En- 


courage students to draw carefully; without careful dr 
at the more distant points will be lost. awing the regularity of the pattern 


\ 
au on 
| C 


SE SAL 2 e , 
2277 | 


let solid lines represent troughs and broken lines crests. Keeping in mind this 

band of ee can see what changes have occured between time (a) and time 
(b), one half period later. 

On the left side of the drawing the short full lines locate the double crests at the time 
(a), and the short broken lines locate the double crests at time (b). The connecting arrows 
indicate how the double crests have moved in the time between (a) and (b). 

It is interesting to note that as your eye moves from one radial line of double crests 
to an adjacent nodal line and then to the next line of double crests, you see that the two 
neighboring lines of double crests are out of phase. 


Some students may prefer to use colored pencils to indicate the different parts of 


* 
this diagram. 
PROBLEM 4 Fold two pieces of ruled paper into long strips : 
about 2 cm wide and hold them as in Fig. 18-19. 
Imagine that the lines are wave crests. Your fin- 
gers then represent the sources of the waves. No- 
tice how the crests from both sources add to- 
| 
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b) For part (b), & new drawing is not necessary. The same drawing can be used if ` 


gether. Now by sliding the free ends sidewise, 
locate nodal lines and moving wave regions, 


This home project provides another way of visualizing the construction of an 
interference pattern from a two-point source. The location of nodal lines with this 
device will be inexact unless each strip is rotated around a point on its inner edge. 
Thumb tacks or pins, used as points about which to rotate the strips, will hold the 
“sources” in fixed positions, making the device easier to handle. To simulate sources 
1 5 the two strips should be tacked at comparable points (e. g., both tacked at 

nes). 


As well as being a home project, the use of this device might make a good classroom 
demonstration if the strips {including spacing of the lines) were scaled up to a size ade- 
quate for class viewing. 


Cancellation, reinforcement, or something in between can be determined for any point 
on the surface surrounding the sources by bringing the strips together at that point. If 
comparable positions on the strips (lines, midpoints, etc.) come together, reinforce- 
ment occurs and the point so located is in a moving waye region. Where a line on one 


strip meets a midpoint on the other strip, cancellation occurs and the point so located 
is on a nodal line. [ 


The strips can be used to search out 
the nodal lines. If the lines on the strips 
are numbered as in the diagram at the 
right, we can trace out the path of nodal 
lines by locating several points that lie along 
the nodal line, For example, if we wish to 
trace the first nodal line, move the strips so 
that 3 1/2 on one strip touches 4 on the other 
strip. Mark that point. Then bring 4 1/2 
opposite 5; mark, etc. Similarly, the 
second nodal line can be located by bringing 
3 1/2 opposite 5, 4 1/2 opposite 6, etc. 
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PROBLEM 5 8 the N pattern for the case d = 5) 
n à piece of pa Be enough so that you can 
see the nodal rare become — at i great 
distance from the sources, Continue these straight 
lines back toward the sources and show that they 
all pass close to the: midpoint of the line joining 
the sources, 


dents may have to draw additional arcs beyond those made for Problem 3. The exten- 
sion of the straight sections of the nodal lines back toward the sources was not done on 
our drawing on page 11, because of the confusion it might have caused in the explanation 
of Problem 3. You may wish to extend these lines in colored pencil on our drawing for 
Problem 3 in order to see for yourself how nearly they all pass through the midpoint of 


The student's step by step construction of this final figure will help him clarify the 
discussion of Sections 2 and 3. i ; 


PROBLEM 6 Consider an interference pattern produced by 
two point generators. What happens at the posi- 
tions of the nodal lines if we place a third source 
exactly like the others at the point midway be- 
tween them? 


An exercise in the use of the superposition principle. The particular question asked 
(referring only to the original nodal lines) is quite easy, but any further analysis of the 
three-source situation can be very complicated, and students should be warned off. A 
hint as to the method used in solving the problem asked, would not be out of order. 


By the superposition principle, the total displacement at any point is the algebraic 
sum of the individual displacements, and the addition can be performed in any order. 
The sum of the displacements due to the two original generators is zero along a nodal 
line. So the total displacement along this original nodal line is just that due to the 
third generator; thus it is no longer zero. The original nodal lines are no longer nodal 
lines. 1 


PROBLEM 7 Draw the crest lines of straight waves incident on 
a reflecting barrier at 45° and the crest lines of the 
reflected waves (Fig. 18-20). Indicate the incident 
directioh of motion and the reflected direction. 
Shade the places where crests cross. 

(a) Which way do these shaded double crests 
move? Indicate with an arrow on your drawing. 

(b) Can you find nodal lines in the interference 
pattern? 


hould make sure that 
In connection with your laboratory work with ripple tanks you 8 
Students see this W This graphical problem applies the methods nae 1h the 
text to a new, but geometrically simpler, situation. As with all of these grap » TR 
problems accurate work is required; use of colored pencils to indicate different feature 
will simplify the interpretation of the drawing. ' TOM 
imental results of Chapter 
The scale of our drawing is \=1 em. We use the exper : 
17 that crests are reflecta, as crests, with angle of reflection ene to e eem tf 
angle. Therefore in this case the two wave trains are perpendicular. 1 shay 
direction of motion of the double crests, the waves must be redrawn at d 
Here, the full lines are the crests at a certain time; the dashed 1 5 i aise ud 
Crests at a time T/4 later. The arrows indicate the motion of the double 
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ing parallel to the mirror. 
there are rows of double crests mov i 

ros ce ial of phase with its neighbor, the lines midway between the 
rows must be nodal, lines. They are indicated by heavy broken lines. 


rief answers thus as follows: 
i The double crests move parallel to the mirror. 
b) The nodal lines lie between the rows of double crests. 


Arrows indicate progress 
of double crests. 


Mirror 


BIN. 
TRE OUR AEN 


Incident waves 


PROBLEM 8 You know the distances from a point on a nodal 
line to the two point sources in a ripple tank. 
What else do you have to know to calculate the 
wave length of the waves? 


A “quickie” to test the students’ understanding of path difference and its significance. 


You need to know which nodal line the point is on; i.e., you need to know n. (This is 
assuming that the sources are in phase, which is intended.) 


PROBLEM 9 Construct the nodal fines for two point sources 
with A/d = y by the method of Fig. 18-11. Is 
this really a different method from that used in 
Problem 5? 


f This graphical exercise illustrates the path-difference characteristic of the nodal 
es. 


The accompanying figure, drawn on the scale X - 1 cm, was made with a view to 
minimizing the number of compass settings required. A large arc of a circle is drawn 
D 82, with any convenient radius r. The compass is then set successively to r + 

2h, r+ 3/2), r+ 5/2); and the intersections of these circles, centered on 81, with 
the original arc, are drawn. After a range of values which covers all of the desired 


hier been tried, the intersections on the line joining s1 and S, are calculated, and 
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The appropriate intersections are then linked n=1 
up to form the nodal lines. 


The advantage of this method is that con- 
venient values of r can be chosen, with as 
many or as few as are needed. There is no 
need to draw a whole series of circles 
spaced X apart, as was done in Problem 5 
(and 3). One physical interpretation of the 
path-difference method is that we fix our at- 
tention on a particular part of the wave from 
82 (a crest, a trough, or some intermediate 
point) and plot its intersection with that part. 
of the wave from Sy which has just the oppo- 
site displacement. The intersection is a 
point on the nodal line, and we plot the es 
motion of the intersection as both waves 
move outward from their sources. Ina 
sense, this viewpoint is complementary to the Problem 5 (and 3) approach of watching 
the whole surface at one instant, and observing the lines of zero displacement. The two 
methods are simply different ways of finding path differences. 


PROBLEM 10 Two sources 6.0 cm apart operating in phase pro- 
duce water waves with a wave length of 1.5 cm. 
Draw the nodal lines far from the sources. Deter- 
mine the position of each line by means of inter- 
secting arcs of circles drawn from the two sources. 
Measure the angle between the second nodal line 
and the center line of the pattern. Compare the 
sine of this angle with (n — Jd. 


1 *8 


2 


This graphical exercise confirms the analytical definition in Section 4 of the angular 
position of the nodal lines. A careful drawing will be convincing. 


The accompanying drawing has been reduced in scale from the full-scale diagram 
used in obtaining the numerical solution for this problem. The path-difference method 
(Problem 9) was used to spot points on the nodal lines. In this problem it is the region 
„far“ from the sources that is of interest. In those regions the nodal lines are straight, 
and when continued back toward the sources, pass through the midpoint between the 
Sources. (Problem 5 verified these results graphically.) Consequently all that is 
needed is to obtain a point on each nodal line, as far from the sources as is practicable 
and connect it to the midpoint with a straight line. With the compasses used here 
(nothing fancy) the largest practicable radius was about 15 cm, i.e., 2.5 d. Some 
closer points on the nodal lines were obtained, to detect any deviation from straight- 
line behavior. At a radius of 10 cm the deviation is very slight, which indicates pnm 
15 cm is probably far enough away from the sources. (See the note at the end of 
Solution.) 


Numerical results on sin 9, were as follows: AB = 6.05 em, AC = 15. 84 cm, 
sin 0, = 9:05 .. 0.382 (graphically). By the path-difference formula, 


i = E theoretically). 
sin % = (2 - 1/2) 4 2 0.375 ( y) 


2 
We have a relative error“ of 93m Lo 3T. = 1.99. 
A result having this accuracy (not difficult to achieve with mo agir ee um I 
care is taken) should be quite convincing. This problem may also he P 1518 y i 
fusion about n, the number of the nodal line. Whatever the fundamental s = seas 
of n, it is unimportant here; (n - 1/2) is the path difference used in drawing the 
lines, and the same quantity occurs in caleulating sin 6. 
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[Note on the error: the reason 
the error turned out to be rather large 
was not poor drawing technique, but 
the faot that at a distance of 2 1/2 d 
the nodal lines are still a small distance 
from their asymptotes. By analytical 
geometry one can show in this case that 
the quantity we measure in our drawing 
should differ from the angle of the 
asymptotes by 1.7%. Hence all but 0. 2% 
of our error“ was unavoidable. This 
points up the inherent weakness of the 
direct subtraction method. But it is 
inadvisable to mention this to students 
in connection with this particular 
problem; the problem’s purpose can 
be achieved without worrying about 
the error.] 


PROBLEM 11 Suggest an interference experiment to prove that 
sound is a wave phenomenon. How could you 
use such an iment to determine the wave 
length of so! 


This is a good problem illustrating the application of the techniques of this chapter 
to a different but familiar phenomenon. 


While students probably will be able to suggest experiments to determine whether 
sound is a wave phenomenon, they may not consider the need for their experiment to 
be laid out with dimensions appropriate to the wave lengths of sound. Unless you are 
satisfied with a dimensionless experiment, you may need to give students information 
on the range of sound wave lengths. 


The velocity of sound is about 330 m/sec; audible frequencies range from about 50 
to about 15,000 cycles per second, and middle C is 256 cps. Wave lengths therefore 
range from 60 meters to 2 centimeters, with the wave lengths of sounds associated 
with musical notes around a meter. Students should realize that a single frequency 


is imperative. They should be able to imagine experiments which will do for sound 
what has been done for water waves in this chapter. 


Warning: Keep the exercise theoretical and speculative. A diversion into actual 
experiments with sound at this stage would be time consuming, and probably frus- 
trating, since unless the apparatus is well devised, and you have had experience with 
acoustics, all kinds of extraneous effects can mask the characteristics you seek (as 
most “‘high-fidelity’’ enthusiasts will testify). One simple demonstration which you 


could have up your sleeve to confound those students who invent complicated apparatus 
is as follows: 


Slate blackboard, or smooth stone wall 


distance about~~ _ 
equal to X N 
Yoo ) a 


listen along 
— this line 


tuning fork, preferably a 
as high as 1000 cps. 
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A tuning fork of reasonably high frequency (to have a manageably small Y held about a 
distance \ from a slate blackboard, will simulate the situation shown in Figure 18-19 
quite well. If a student moves his head along the line indicated, he should hear quite 
distinct regions of sound and regions of quiet. The position of the nodes (quiet zone) 
will be enough for an order of magnitude estimate of X. (Try to strike the tuning fork 
so as to excite only its fundamental frequency of oscillation. The presence of harmonics 
can be somewhat confusing. ) ‘ 


PROBLEM 12 (a) From Figs. 18-6 and 18-9 find the ratio of 
Ald by using the equation sin @, = (n — d. 
(b) The dimensions of the photographs are one- 
fourth the actual size. By measuring d on the 
photographs estimate the actual value of A. 


Measuring from real patterns is good experience for students; they will see that, 
physically, the nodal line is not one-dimensional (as practice with earlier problems 
might lead them to think), but a broad region whose center must be estimated. Al- 
though by now they should be aware of experimental error, the fact that variation in 
measurements may lead to slightly different values should be pointed out. 


a) Any of the three nodal lines shown in Figure 18-6 or any of the four nodal lines in 
Figure 18-9 can be used. Since a center line is hard to locate accurately, the angles were 
were measured by taking one-half of the angle between the n th nodal line on the right 
and the n th nodal line on the left. 


A typical calculation for the 2nd nodal line in Figure 18-9 is: 
@ = 32° (approximately). a 2172 7.0.35 


Typical measured values for Figure 18-6 and Figure 18-9 are: 


Figure 18-92 
Nodal Line Number Angle, 0 Md 
1 10% í 0.35 
2 32° 0.35 
3 (very crude) 55. 0.33 
A fair conclusion is that > = 0.35 in this case. 
Figure 18-6: 
Nodal Line Number Angle, 9 Md 
1 T 0.25 
2 PRS 0.23 
3 37° 0.24 
4 53° 0.23 


A fair average ist = 0.24. 
b) For Figure 18-6 the measured source separation is about 1.6 cm which implies a 
6.4 cm separation of the actual sources. Thus the actual wave lengths were: 


Figure 18-6 X= 0. 35 & 6. 4 2.2 cm 
Figure 18-9 N= 0. 24 & 6. 4 1.5 cm. 


PROBLEM 13 Look up the definition of “hyperbola” and show 
that nodal lines are hyperbolas. 
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It may be that the definition of a hyperbola which students will find is just the one 
we have found for the nodal lines: the locus of points whose distances to two fixed 


points have a constant difference. From this they will know that nodal lines are hyper- 


bolas, which from a physics point of view adds nothing to their understanding of inter- 
ference, but enables them to talk to a math student. 


There are other definitions of a hyperbola. Unless the students already know, or can 


easily prove, that they are equivalent to the path-difference definition, they should not 
spend much time on this problem, but should be content to know where the proofs can 


be looked up. (Any good analytical geometry text will have the proofs.) Two definitions 


which they might encounter are given below, with their relationships to ours. 


d is the source separation, and AD is 
the path difference, i.e., AD = (n-1/2)^. 
One of the definitions, in terms of 
rectangular coordinates, is as follows: 

2 2 
a b 
Students well versed in analytic geometry 
may be able to show that the constants a and 
b are related to d and AD as follows: 


a= 1/2 AD, 


b= 1/20 = AB Hencedistbe» AD 
for these to be nodal lines. 5 


A less common definition is in terms of r, 
the distance from a point on the hyperbola to 
the focus (one of the sources) and its perpen- 
dicular distance x to a fixed line called the 
directrix: r= ex, where e, a constant > 1, 
is called the eccentricity. It is rather more 
difficult to show that e and f are related to d 
and AD as follows: e = d/AD 


Directrix, 
not the 
center line. 


oon 
f-5 4 
i 1 L S, 
f, distance from 
center line. 
€ 
PROBLEM 14 In Fig. 18-21, L = 50 cm, d = 10 cm, æ = 30°. 


What are y and g Find y and 8 when L = 500 
em. Does, this convince you that it is a 
approximation to set when L i 
greater than d? AROS npe" 


Let b be the base of the ri 


INT ght triangle with the vertex angle = a = 30°. Then b= 


When L= 50 cm, 
b = L sin 30° = 50 cm X 0.5 cm = 25 cm. 


x-axis 


a d 
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Sin g = 25. em - d/2 .25cm-5cm _ 


50 cm 50 cm 


20 = 0.40; B= 23.6. 
Sin Y= 25 em + d/2 = 25 cm + 5 cm 
50 cm 50 cm c 
30 . 0.60; 7 = 36.9° 
go ^ 0.90; 1935 
When L= 500 cm, 
b = 500 em X sin 30° = 250 em. 


.250cm-5em 245 an 
Sin 8 = 1500 cA EORR 0. 490; p= 29.3*. 
i 250 cm + 5cm _ 255 
„ —— a aa 
ME 500 cm 800 0.910 . 


Since 29. 3° & 30° * 30. 7°, students should be 
convinced that as L becomes very much larger 
than d, as is true when performing Young’s 
experiment, ¥ & NB. 


a j 


PROBLEM 15 One red and one blue car are going around a 

circular race track 5.0 km in circumference. They 
move at constant speed. Each car takes 2.5 
minutes for each lap. The blue car always comes 
around 0.50 minutes behind the red. 

(a) What is the phase delay p of the blue car 
with respect to the red car? 

(b) What is the speed of each car? 

(c) If the track were only 4.0 km long, would 
this change the answers to (a) and (b)? 


a) Since each car takes 2.5 minutes to complete the lap, the period, T, is 2.5 
minutes. A delay of 0.5 minutes is 1/5 of a period. Therefore the phase delay, p, 
is 1/5. 

b) The speed of each car is the circumference, 5 km, divided by the time required 
to go around the track, 2.5 minutes. The speed is m = 2 km/min. 


c) If the track were 4 km in circumference: the phase delay, p, would be unchanged 
(p = 1/5) since the phase delay depends only on the timing of the cars, and that is 


unchanged. The speed, however, is changed: speed = — 1.6 km / min. 
The phase is independent of the amplitude and velocity of the motion. This result also 


applies to the ripple tank. The pattern we see depends only on p, and not on the velocity 
of the waves or their amplitude. 


` 


PROBLEM 16 Prove that for two sources with phase difference 
p, the first nodal line can be plotted from the 


equation: path length difference = (p . 
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Substituting the value n = 1 into the formula given in Section 5 gives: 
PS, - PS, = (p+n- 1/2) N 


= (p+1~- 1/2) 
= (p+ 1/2) X. 


The real intent of this problem, however, is to en- 
courage the student to work out a development for one 
special nodal line. This proof can bé made by re- 
turning to the argument of Section 3 where it was shown 
that when the sources were in phase the path difference 


1/2 N 


for the first nodal line was PS, - PS, = 1/2 N. ES, n " 

now lags behind 8i by a phase delay of p, crests would 8, 2 

start from 8, at a time pT (T = period) before starting Crest from 81 is here 
when one is just being 

from S5. During this time the crests would travela generated at a 


distance from 8, equal to vt =à XpT = p. Thus, as 
the diagram shows, the total path difference from any point on a nodal line to the sources 
would be increased by this same quantity and would be given by PS, - PS, = p^ +1/2 X= 
(p + 1/2) X. i 
PROBLEM 17 Suppose we look at an interference pattern from 

a great distance L in front of the sources and find 

that the first nodal line is a distance x from the 

center line. If x = .008L and ) = Old, what is 


the phase of the sources? (See Fig. 18-13.) If 
A = .016 d, what is the phase? 


Some students may solve this problem without understanding what they are doing, by 
combining one formula from Section 5, page 281, sin n =(pt+n-1/2) Md, with the 


formula related to Figure 18-13, sin A - T . This gives the applicable formula 


X = (p+ 1/2) È 


and the rest of the exercise is purely algebraic. Students should be encouraged to work 
the problem from a more elementary viewpoint. 


The ideal way for a student to do this problem is to realize that the path difference is 


x 
dsin@= d lc and to see how this compares with the condition for cancellation of the 
two waves. In part (a), the path difference is vi x uen =0.8. Since two 


sources which are in phase would produce a node when the 

path difference is 0.5 V. 
the extra 0.3 Xin this case implies that the source which is further away is ahead in phase 
by p= 0.3. That the closer source is in phase by p= 0.7 is an equivalent statement. 


In part (b), the path difference is N A 
must Ee , 0.016 X (0.008) = 0.5 X. Hence the sources 


Of course, unthinking substitution of the given values into 
also give p= 0.3 and p= 0, respectively. A 


A student Me tries to derive the formula might get the equivalent formula 
„ 
aly (p - 1/2) d' This would give p = 1. 3 and p = 1.0, respectively which corresponds 
to p= 0.3 and p = 0 because p was defined to be a number between 0 and 1 
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PROBLEM 18 : Suppose that two point sources are generating 
waves with the same wave length ). are 
placed in the ripple tank a distance d = 5) apart. 

(a) If the sources are in phase what angle @ does 
the straight part of the first nodal line make with 
the central line? 

(b) If the sources have a phase p = 4, what is 9? 

(c) How many nodal lines will be produced? 


This problem is similar to Problems 3 and 5 except that it includes phase. If you 
have not already asked for careful drawings of this physical situation, you should. If 
students have their earlier drawings they now can check graphically their numerical 
answers to this problem. 


a) If the sources are in phase, p= 0, and sin 91 = i x for the first nodal line. 
Therefore, sin 91 2 5 0.1; 91 5. 70. 


U students interpolate from the sine table on page 636, they will get 5. 74°. students 
may measure the angle directly from their diagram for Problem 5 and thus get answers 
that vary by more than one degree from the computed angle.) 

b) If the phase difference is p= 1/2, students who use the formula (developed in 
Problem 16) will get sin 0, = (È + 3) i =0.2. This gives 61 = 11. 8? (or 11. 540). 
Note that when p = 3. the perpendicular bisector of the line between the sources is a 
nodal line. This nodal line, which corresponds to 0 = 0, could be called the ‘‘first”? 
nodal line. (Remember that what is called the first“ nodal line is quite arbitrary and 
unimportant. ) 


c) The easiest way to find the number EG F 5X Toe 


of nodal lines is to think about the points eis PT SA RESP MH ia 
where the nodal lines cross the line joining 81 li 2 
the two sources. Since the spacing between | 1/2 X 

these nodal points is M2, there generally " 4 1/2 N 

will be 10 nodal lines. 


However, when p - 1/2, both S, and S/ are on nodal lines, and there are 11 nodal 
lines. In this very special case the middle 9 nodal lines are familiar nodallines. The 
last two ‘‘lines’’ lie along the extensions in both directions of the line connecting the 
two sources. Whether the students speak of these two extensions as one or two lines 
is quite unimportant. 

PROBLEM 19 A point source of periodic waves is placed a 
distance 3) in front of a reflecting barrier. The 
superposition of the incident and reflected waves 
produces an interference pattern. (Fig. 18-22.) 

. Describe this pattern. Examine such a pattern 
experimentally in a ripple tank. What is the 
phase of the image of the source? 


"This problem on interference combines the ideas of interference with those of an 
image in a plane mirror providing an interesting link between the ripple tank and optics. 
If possible this problem should be done experimentally in the laboratory. 


A circular wave reflecting from a barrier gives rise to a circular reflected wave 
which appears to arise from a point as far behind the barrier as the source is in front, 
i.e., from the image of the source. This can be seen clearly in Figure 17-9. Thus 
the ripple tank of Figure 18-22 has circular waves spreading out from the Source and 
reflected circular waves coming from the image a distance 3X behind the barrier. An 
interference pattern results which is identical to that from sources 6^ apart, except 
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only half of itis seer Such a total pattern would contain 12 nodal lines of which, in 
this case, 6 could be seen ----- as in Figure 18-22. 


The phase of the image will be challenging. Some students may guess incorrectly 
that a rigid barrier gives a phase inversion because a rigidly fixed end of rope turns a 
pulse upside down. Students may not know enough about how water moves to be sure 
whether the barrier impedes the water. Students who think of the water as moving 
simply up and down may guess, correctly, that there is no phase change. 


That there is no phase change in the reflection of Figure 18-22 can be determined 
by noting that the disturbance along the wall is a maximum, or by noting the succesive 
spacing of nodal lines and seeing that the barrier is not where a nodal line would be, 
but is midway between expected nodal lines. If the image had been out of phase 
(p-1/ 2), the central line, i.e., right along the barrier, would have been a nodal line. 


As a matter of fact, the exact phase of the image depends upon the type of water 
wave (transverse or longitudinal) and the type of barrier it hits (vertical or slanted, 
Soft or hard). This aspect is not worth going into, however. It is too complicated. 
PROBLEM 20 Two sources in a ripple tank are operating at 


frequencies of 15 cycles per second and 16 cycles 
per second, Describe the resulting pattern of 
nodal lines. 


The intent of this problem is to again call students’ attention to the fact stated in 
Section 6, that to maintain a fixed interference pattern it is necessary for the phase 
delay between two sources to remain constant. If the phase delay changes at a con- 
stant rate the nodal lines will sweep slowly across the tank beginning on the side of 
the higher frequency source and sweeping across the tank toward the lower frequency 
side. During each second a nodal line would move to the position where its neighbor 


was at the beginning of the second. The nodal lines are no longer hyperbolas, but rather 
strange curves. 


Procedures described in Experiment II-13 lead the students step by step through the 
concepts and conclusions desired in this problem. The experiment describes generators 
which will demonstrate the sweeping or fanning motion of the nodal lines. 


You should probably not mention to your students unless they bring it up, that for a 
stationary observer the passage of nodal lines and regions of reinforcement in this 
situation correspond to the phenomenon of beats in music. 
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Chapter 19 - Light Waves 


Now that the students have produced, Seen, and analyzed interference effects in water 
waves, they are ready for the crowning point of the development of this part of the course 
--that light shows similar interference effects and therefore behaves like waves. The 
parallelism seen in the laboratory between the behavior of water waves and light should 
bring this home vividly. à 


The first section of this chapter explains why interference effects are [^ normally 
seen in light, In a way, this is surprising since we often see two or more light sources 
illuminating the same region and would expect to see nodal lines in many places, But 
the random, rapidly-shifting phase delays in light from different sources cause the 
interference patterns to be blurred out, ; 


Young's classic experiment on interference is then described to show a simple way 
to get a constant phase delay between two sources, The text leads on through interfer- 
ence of light to the determination of wave length from interference effects and the asso- 
ciation of wave length with color. Diffraction is analyzed as a form of interference, 
and the color effects in interference and diffraction are explained. 


Since this chapter is the culmination of this part of the course, it should be covered 
thoroughly. The laboratory, particularly Experiment I-14, is most valuable, as are the 
HDL problems, in enabling students to transfer what they learned about water waves to 
an understanding of the wave-like nature of light, 
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RELATED MATERIALS FOR CHAPTER 19 


Laboratory. (See yellow pages for suggestions.) 
Experiment II- : 


Experiment II- IB. Dif tion of Ligh 


Experiment II-16 Resolution 


Home, Desk and Lab. The following table classifies problems according to their esti- 
mated level of difficulty and the sections to which they relate, Those which are especially 
suited to class discussion are indicated, Problems which are particularly recommended 
are marked with an asterisk (*). Answers to problems are given in the green pages: 
Short answers on page 19-11, detailed comments and solutions on page 19-12 to 19-23. 


Class Discussion 


Films. At this writing a PSSC film is planned on the wave interference of light. It 


is not currently available. 


Section 1 - Can We See Interference in Light? 
PURPOSE To point out the physical factors related to the production and observation of 
interference in light. 
CONTENT a. If the wave model of light is correct, we should be able to obtain, with 
light, interference patterns similar to those observed in the ripple tank. 


b. By analogy with water waves, when we look for interference in light, we expect 


the angles of the nodal lines to depend on Md, and we will need to work with a definite 


wave length. r 


c. An experiment, set up to show 


independent light sources are used. 
phase delay between the two sources. Before giving up the wave model o 


experiment using light sources which are known to be in phase. 


the two-source interference pattern, fails when two 


This failure may be due to rapid changes of the 
f light we should 


EMPHASIS This background discussion should be understood thoroughly. How much 
nae is required here depends strongly on how well the previous chapter has been under- 
8 . 

DEVELOPMENT This section can be handled best by a class discussion in which students 
join in “planning” the experiments to be discussed in the remainder of the chapter. The 
discussion will naturally draw on the experience gained from the ripple tank experiments. 
Some of these should be re-examined to understand how they could be repeated using 
light sources. 


It should be worthwhile to take a good second look at the two-source patterns for water 
waves in Figures 18-6 and 18-9, using methods and ideas suitable for application with 
light sources; for instance, we must imagine the back side of the ripple tank (the side 
farthest from the sources) replaced by a screen and the two sources of water waves re- 
placed by two light sources which are somehow made to emit light waves in phase. I 
this is done we can only see the places on the screen where the nodal lines intersect, 


Fr 
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and the places where the double crests arrive at the screen, To calculate the wave 
length (actually the ratio Md) we must now apply the geometry outlined in Figures 
18-12 and 18-13, Unless you have already done so, by all means you should evaluate 
Md for Figures 18-6 and 18-9 by this method, The simple geometry used should be 
thoroughly understood since it is used over and over again in the chapter, sometimes 
with minor changes, Make sure also that everyone understands qualitatively and 
quantitatively what happens when the ratio V^ changes. 


Students should also reexamine Figures 18-16 and 18-17 which show, better than words, 
the effect of changing the phase delay between the sources. Make sure students notice 
that the patterns on the screen“ for p=0 and p=1/2 are complementary; dark“ and 
bright“ regions are interchanged so that if the two patterns are superposed, the screen 
is uniformly illuminated, i.e., no interference pattern. Alternatively we note that if the 
phase delay is changed smoothly from p=0 to p=1, each dark bar” moves smoothly 
across the screen, until for p=1 each bar occupies the position formerly occupied by its 
neighbor. With a sequence of interference patterns produced with phase delays which in- 
crease in uniform steps from p=0 to p=1, the resulting bright bars fill the screen uni- 
formly; the superposition of interference patterns which have all possible phase delays 
results in a uniformly illuminated screen. In this circumstance the interference pattern 
is not discernible. 


From such a discussion the need to use sources having a constant phase delay should 
be obvious. If possible, challenge your students to devise light sources which are 
guaranteed to be in phase (or to have a fixed phase delay), HDL Problem 1 is a good 
starting point for this discussion. Note that it is not necessary to the purpose of this 
section to know why two independent light sources have a phase delay which varies 
rapidly with time, This interesting question will be taken up shortly in Section 3, 


Section 2 - Interference of Light Waves: Young's Experiment 
PURPOSE To qualitatively describe a two-slit interference experiment, 


CONTENT To provide two light sources which are locked in phase we use a single 
Source and split the light from it into two beams, One way to do this is to arrange a 
line source of light parallel to two narrow slits in an opaque barrier. 


LABORATORY I-14 Young's Experiment. 


DEVELOPMENT This section presents a solution to the puzzle posed in the previous 
Section: how do we make two light sources which are known to be in phase? 


It will be worthwhile to do Experiment II-14 at this point since the students should 
have by now all of the necessary background to understand the results both qualitatively 
and quantitatively. The following sections (3 and 4) can then be used to review and 
summarize what has been learned in the laboratory. 


Section 3 - The Phase of Light Sources: Atoms 


| PURPOSE To briefly explain how the phase of the sources is related to the stability of 
interference patterns, 

CONTENT In a light source individual atoms send out short bursts of light independently 
of each other, therefore, the phase delay between two light sources changes very rapidly 
with time. The interference patterns shift accordingly. 


COMMENT Prior to this section we have seen interference of light, The failure to 


19-6 


DEVELOPMENT The material in this section should be developed primarily through the 
observation in the laboratory of the diffraction patterns of light and through the ripple 
tank demonstration. Tf you cannot do the demonstration, the photographs shown in 
Figure 19-11 of the text should be carefully discussed. The observations in the ripple 


tank can serve two purposes: 
(1) To establish empirically the mathematical relationship derived in the next 
section by use of the principle of superposition. 


(2) To show that Huygen’s principle, in which we replace a wave front by a number 
of sources, is justified. 


Unless you have already used Huygen’s principle in discussing reflection and refrac- 
tion you will gain very little by going beyond the limited application of Huygen’s principle 
to the case at hand. In any case you should stress that the present application is in fact 
based directly on an experiment. 


Note that if you succeed in establishing the relationship between + and sin 9 from 
the ripple tank experiment, à reasonable interpretation of the diffraction of light as the 
basis of the wave model is available independent of the theoretical predictions developed 
in the next section, Since some students may find the arguments of the next section 
rather difficult, this alternative approach may be helpful to them, 


Section 6 - A Theory of Diffraction by a Slit 


CONTENT The position of the nodes and the (approximate) position of the maxima in 
the diffraction pattern of a single slit can be determined by “replacing » the slit with an 
array of sources in phase, and applying the principle of superposition. 


DEVELOPMENT You should emphasize quite strongly the two points on which the deri- 
vation hinges: 


(1) The directions in which there will be complete cancellation can be predicted 
by grouping the sources in pairs. The pairs are chosen so that the path difference 


between the members of each pair is x, x, etc. 


(2) Only directly in front of the slit can the crests from all of the sources coincide. 
The reason for this is that when the slit is replaced by an array of sources in phase, the 
sources must be much less than a wave length apart, In this case the path difference be- 
tween waves from adjacent sources can never exceed a small fraction of a wave length 
even at 90° from the normal to the slit. ; 


If the spacing within the array of sources is 
greater than ^, then at some angle 0, the path 
difference, d sin o would equal N, and a bright 
bar would be seen at the angle 9. This is what 


happens in a diffraction grating where d> X, 4 
and several orders of constructive interference, 8 * difference < d 
at severalangles, are observed. (See comment SE and therefore << ^. 


in the last paragraph of Section 4 of the text.) 


Note that the geometry used in this section to find path diff 
ere 
as the geometry used to find path differences with ini asumen cvy E 
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If your class seems to get the arguments of this section, you may wish to apply them 
to another example or two, One important example is the diffraction grating. Here we 
actually do have a series of equally spaced sources in phase; each source is a slit, and 
all slits are illuminated by a single line source. In the diffraction grating however, the 
distance, d, between neighboring sources (slits) is larger than the wave length X. 
Consequently there is complete reinforcement in directions other than straight ahead. 
This occurs for angles such that the path difference between neighboring slits is an 
integral number of wave lengths, i.e., for angles determined by d sin 0 =m X, when 
m=0, 1, 2, 3. However the argument pursued in this section tells us that com- 
plete cancellation occurs with N slits if (Nd) sin 0 — (integer) X A, unless d sin 0 is 
also equal to an integral number of wave lengths. This means for instance, that there 
is a strong maximum at d sin 0 = X, i.e., for Nd sing = (N+), or (N- N. If N is very 
large, this means that the bright bar at dsin 0 = \ is very narrow. As in diffraction by 
a slit, about midway between successive minima there are secondary maxima where 
partial reinforcement occurs. These secondary maxima are much weaker and are not 
usually observed. Do not try to go into detail. 


CAUTION The method of pairing slits to show cancellation at Nd sino = integer X X only 
works if N is a power of 2, Cancellation does occur for other values of N but it is more 
difficult to prove, HDL 12 treats the case N = 4. 


Clearly the method of pairing works in exactly the same way for the radiation pattern 
of an antenna composed of stacked, equidistant sources of radio waves, all in phase. 
If the spacing is less than a wave length, the radiation pattern of such an antenna would 
be like the diffraction pattern of a slit, 


Section 7 - Experimental Checks with Single and Double ‘Slits 


CONTENT The observed diffraction patterns produced by slits are in quantitative agree- 
ment with the predictions of the wave model of light, The interference pattern from two 
slits falls within the overlapping central maxima of the diffraction pattern from each 
individual slit, 


COMMENT The role of diffraction in producing a two slit interference pattern can be 
seen rather clearly in Figure 19-30 (see HDL 10). 


Section 8 - Resolution 
PURPOSE To point out the effect of diffraction on resolution, 


CONTENT The resolution of an optical instrument is a measure of its ability to give 
separated images of objects that are close together. The ability of optical instruments 
to resolve fine details is limited by the wave nature of light, 


EMPHASIS Sections 8, 9, 10 and 11 describe light phenomena which are interesting in 
their own right and which also enable showing more broadly the applicability of the wave 
model for light, This latter point should not escape students’ attention, 


LABORATORY Experiment I-16, Resolution, can be done with this section. 


DEVELOPMENT You should probably limit discussion to the qualitative aspects treated 
in the text, A crude estimate of the resolving power of a lens used in viewing distant ob- 
jects can be obtained from an extension of the discussion of HDL 14 (see green pages), 

In an optical system used to look at near objects (microscope), the situation is somewhat 
different but the result is quite similar. (See HDL 13.) 
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The diameter of the pupil of the eye is of the order of 2mm = 2 X 10 3 meters. Taking 
A= 5X 10-77 meters we find (see page 294): 
6% ange A, B20 meters = 2.5 X 107 radians. 
W  2X10" meters 


An angular resolution of 2: 5 X 1074 radians implies that a good eye should be able to 
resolve two lines a distance 2. 5 X 10-4 meters apart, i.e., 0.25 mm, at 1 meter. This 
is not very far from the actual resolution. 


Some of your photographic enthusiasts will see quickly that, for pinhole photography, 
the pinhole can be too small. For distant objects (distant compared with the pinhole to 
film distance), the optimal diameter of the inhole is approximately Ao * 2 J/Xq, where 
^ might be taken as an average (say 4 X 107? cm), of the wave lengths to which the film 
is sensitive, and q is the distance in cm between the image and the pinhole. 


More precisely, and for object distances that are relatively near the pinhole, 


EEN 

2 . 

Ao p+q 

Among other sources, a discussion of this can be found in J. E. Mack and M. J. Martin, 
The Photographic Process, McGraw-Hill Book Co., 1939. 


Section 9 - Interference in Thin Films 


CONTENT a. The two beams of light resulting from reflection at the two surfaces of 
a thin film can interfere, 


b. Whether the interference results in reinforcement, cancellation, or something in 
between, depends on the thickness of the film, 


c. With a film which is thin compared to the wave length, complete cancellation 
occurs; this implies that one of the two reflected waves has been turned upside down 
by the reflection. The analogy of wave reflection from the junction of two springs (in 
which waves travel at different speeds) suggests that inversion occurs at the surface 
where the wave is moving from a high speed medium to a low speed medium. 


d. With films of finite thickness, cancellation or reinforcement can be predicted by 
taking into account the path difference between the two reflected waves. 


LABORATORY Experiment II-17, Measurement of Short Di 
be doce E. , rt Distances by Interference, can 


DEVELOPMENT There are two effects to be take 
e n into account if we are to explain 


a. The beam reflected from the back side of the film travels farther than the beam 
reflected from the front side by twice the thickness of the film (for normal incidence). 


b. One of the reflected beams is turned upside down, the other is not. 


If you wish to simplify matters you can take up the two effects separately by doing 
me laboratory experiment first, In the laboratory experiment we can be —.— only 
th the effect of path difference; we simply lock at the alternation of strong reflection 
and no reflection due to the variation in thickness along the wedge-shaped air film. We 
can aces what happens by noting that if we have complete reinforcement for a 
piven a difference, we also should get reinforcement if the path difference is increased 
y à, i.e., if the film thickness is increased by 1/2, Again, if the two waves rein- 
force (crest matches crest, trough matches trough) at a given path difference, we get 
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complete cancellation by increasing the thickness by M4. This changes the path 
difference by M2, so that the two waves are displaced relative to one another by 
M2, and now crests match troughs and troughs match crests, 


It is in the discussion of how to see that a wave in air could be turned upside down 
upon reflection from glass that your work with reflected waves on a coil Spring will 
pay off. The argument goes: just as pulses on coil Springs are reflected back inverted 
as the pulse goes from a medium of high velocity to a medium of low velocity, so light 
Taves are reflected upside down in going from a high velocity medium to a low velocity 
medium, 


The fact that if one reflection is right side up, then the other is upside down is a 
general property of all waves. We know this as an experimental fact from the case at 
hand, since complete cancellation of the two waves occurs when the path difference is 
negligibly small. This tells us that one wave is upside down, but not which wave is 
upside down (see HDL 17). We could probably have guessed that no reflection should 
occur from a very thin film by going to the limit of thinness; a film of zero thickness 
means no film and therefore no reflection. 


Students may ask how the two parallel rays 1 and 2 in Figure 19-22 can interfere 
with each other since they do not overlap. The simplest answer is that we are really 
only concerned with the case of normal incidence, in which case 1 and 2 do coincide 
in space, Of course this answer is not quite fair since we also get interference at 
angles other than 90°, A complete answer 
would involve drawing a figure showing the j 
source of light, and the point at which the in- 
terference effects are seen (e.g. a screen). 
The figure would then look something like that 
at the right. Things are rather more compli- 
cated if we do not have normal incidence (we 
have a small difference in path outside as well 
as inside the film). This is why it may be wise 
to emphasize only the case of normal incidence. 
The figures in the text are drawn as they are 
so that it is easy to distinguish the various rays. 


Someone may ask how the first and second reflected beams can cancel, since the 
second reflected beam is obviously of smaller amplitude. The answer is that the first 
and second reflected beams are so nearly of the same amplitude that cancellation is 


almost perfect. . 


Section 10 - Interference in Light Transmitted Through Thin Films 


CONTENT a, Interference effects are observed in thin films by transmitted as well 
as reflected light, 

b. Itis sufficient to take into account two transmitted beams: a stronger beam 
which is transmitted directly and a much weaker beam which is transmitted after two 
reflections in the film, The path difference between the two beams is equal to twice 
the thickness of the film for normal incidence, 


c. When the path difference is 0, ^, 2X, etc., the two beams reinforce each other. 
When the path difference is 1/2, 3/2, etc., there is maximum cancellation between 
the two beams. Transmission maxima coincide with reflection minima, and vice versa, 


as would be expected. 
DEVELOPMENT The material in this section should require very little discussion, 
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Section 11 - Color Effects in Interference 


CONTENT The location of the dark and bright zones in an interference pattern differs 
for different wave lengths, With white light the mixture of wave lengths produces over- 
lapping interference patterns, thus giving rise to the observed color effects. 


DEVELOPMENT This subject should require little discussion. The main point to get 
across is that the color effects give further evidence that the physical difference be- 
tween light of different colors is the difference in wave length. 


Section 12 - Conclusion 


PURPOSE To briefly summarize Part II of the course and to mention a few further 
interesting questions about light, Some of these questions will be considered later in 
the course, some will not, 
These questions are: 
1) What is the nature of the medium through which light propagates? 
2) How does the amplitude of light “ waves” vary as the intensity of the light changes? 
3) What is the nature and significance for light of standing waves? 
4) How can the wave and particle aspects of light be encompassed in one theory? 


DEVELOPMENT Aside from whatever preferences you may have for or against 
“reviews” in class, it will be worthwhile to spend a little time discussing in terms of 
Part II the idea of a model and how the validity of a model is established. 


APPENDIX ‘Discussion of the Lensmaker’s Formula’’ 


This appendix is added here because it can be used, if you have time to illustrate 
that the interference of light, a wave phenomenon, underlies the behavior of lenses. 
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Chapter 19 - Light Waves 
For Home, Desk and Lab - Answers to Problems 


The following table classifies problems according to their estimated level of difficulty 
and the sections to which they relate. Those which are especially suited to class discus- 
sion and those which are home projects are indicated. Problems which are particularly 
recommended are marked with an asterisk (*). 


Answers to all problems which call for a numerical or short answer are given following 


the table. Detailed solutions are given on page 19-12 to 19-23. 


Class Discussion 


1* 


SHORT ANSWERS 
1. Phase delay of the sources changes 10. See discussion on page 19-17. 
rapidly 5 11. See discussion on page 19-17. 
5X10 cm. 12. a) SET sin 0 = M4d, /d, 
: 1.5 meter. and 34d. 
Boram : Maxima for sin 0 = 0 and Md. 
Bar Spacing: 0.7 cm. 
b) Node for sin 0 = \/2d. 
4. Experimentally, no change. Maxima for sin 0 = 0 and /d. 
5. For angles satisfying the equation 13. a) Angular separation must be 
sin 0 = nMd. greater than 0 where sin 0 = Mw. 
6. From diffraction pattern w = \L/x. b) Fluorescent screen or photo- 
-15 graphic film. 
7. 1.9X10 Bec. c) Lens of quartz or corex. 
108 wave lengths. 
14, a) See discussion on page 19-20. 
8. Diffraction pattern widens. b) 3 x 104), 
9. f — 1mm | 10mm_| 0.1mm | 15. Minimum angle of resolution de- 
0-0.0339 | 0.0033? EXT pending on MD is reduced for short 
0 y 0 (blue) wave lengths. 
| 2 | 9=0.066"| 0.0066?| 0.66^ | 
o o 8 16. See discussion on page 19-21. 
| 3 |e-0.100?| 0.0100 
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17. a) 0.026 cm. 19. a) 04.39, 13.0°, 22.0°, 

b) 28 bars/cm. 31.7, 42.59, 55.6, 77. 00. 

c) Minimum. 

d) No. b) Nodal patterns obscured by 
18. a) 1100 A multiple reflections, 

b) Reflected red and violet produce 20. See discussion on page 19-23. 

purple. 
PROBLEM 1 Why can't we see interference from two independ- 
ent light sources? 


The question is discussed and answered in Sections 1 and 3 of the text. Briefly: 
the position of the dark and bright bars depends on the phase delay between sources, 
as well as on the path difference. If the phase delay varies with time the interference 
pattern shifts. A rapidly shifting pattern results in uniform illumination of the screen. 
There is no reason to believe that the phase delay between independent sources should 
stay constant, 

PROBLEM 2 In an interference pattern produced by white light 
passing through two narrow slits, the distance 
between the black bars is 0.32 cm. The distance 
between slits is about .02 cm, and the distance to 
the screen on which the bars are observed is 130 
cm. Find the average wave length of white light. 


Using the formula given for the spacing between dark bars, Ax = L i , we have 


Ax = 0.32 cm 
d= 0.02 cm 
L= 130 cm. 


NLIS 0.02 cm _ (3.2 x10!) (2x 1074) -5 
* Ax T. 0. 32 em & 130 em = 1.3 x10 em= 5X10 ` cm. 


COMMENTS If students substitute mechanically into the formula they will learn little. 
eae es the basic steps in the reasoning: 

(1) If the slits are equidistant from the source c 
Va e ce each slit acts as a source in phase 

(2). A node (dark bar) on the screen will occur if the path difference from the two 
Sources to the screen isà, A, E 1 

(3) From the geometry illustrated in Figures 18-12 and 18-13 

sure your class 

understands the geometry), we have: path difference = d sin 0; m e 7 L. 


(4) Ifn is very small it is sufficient] accurate to take 
from the plane of the slits to the plane si the screen. a. 


X X 
B3 the path difference equal to , Y, etc., we get the position of succes- 


* d sin 6, 

7T- =sin@, = 2 EX 

in 1 d d , and x => 

X d sin 9 

2 E 2 32 

E ein % . 2. 231A 

T 2 d d » and x, 2d 
and x. = SLA 


The distance between successive dark bars is then: 
* 9 Cos ( HV * 5 
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PROBLEM 3 A source of red light produces interference 
through two narrow slits spaced a distance d = .01 
em apart. At what distance from the slits should 
we place a screen so that the first few interference 
bars are spaced one centimeter apart? What will 
be the spacing of the bars if we then use violet 


light? 
A s 
a2 red 
AX ed ed 
We have d= 0.01 cm_ -5 
red 9:9 X10 meters = 6.5X 10 ` cm. 
AX eq = 1 om. 
AX 
1 - 
I „10“ om = 1.5 x 10” om = 1.5 meters. 


red 6. 5 K 10 ° cm 


If we use a different wave length the spacing varies directly with the wave length 
(since the path difference in wave lengths must remain the same). 


AX olet 2 X tolet 
Axed Mod 
X -7 
AX olet ^ solet X AR od 7 —— — X1 em = 0.7 cm. 
red 6. 5 K 10 meter 
PROBLEM 4 What will happen to the interference pattern in 


Young's experiment if the source is not exactly 
on the center line between the slits? 


If the source is not exactly on the center line between the slits, a crest from the 
Source reaches the two slits at different times, and the two slits act as sources with 
a fixed phase delay. We know, from the discussion of Section 5, that this results in 
displacing the whole interference pattern to one side, without any change in spacing if 
the angular displacement of the source from the center line is small. Experimentally 
we observe no change, except, as the source moves, the center of the interference 
pattern is shifted so as to remain on the line from the source through the midpoint 


between the slits. 
If the angular displacement of the source is large, the effect is similar to decreasing 
the distance between the slits. Thus more widely spaced nodal lines are obtained. 


Alternate solution. Some students may follow a somewhat more concrete and detailed 


approach: 
If the source is not on the center line between the slits, the interference pattern shifts 
over so as to be centered on a line from the source passing through the center of the 


pair of slits. 
The explanation is as follows: Consider the normal case and consider only the central 


bright fringe. 
slits 
Source A 


S : C central 
a — bright fringe 


a 
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The central“ fringe results from the path SAC be 
suppose the source, S, moves upward. Again, the ce 
the point on the screen where the two paths, source to slit to screen, are equal. 


slit to screen.) 


ing the same length as SBC. Now 
ntral bright fringe will occur at 
(Not 


Cc 


The path AC is longer than BC by the distance AD. However, SB is longer than SA 
by the distance EB. The point C must move down so that SADC = SEBC. 


‘If all angles are very small (they are, in all cases considered), a position of C on 
a line from the source through the midpoint between the slits will make SADC = SEBC. 


PROBLEM 5 When a source of light of wave length j is used in 
a two-slit experiment with narrow slits separated 
a distance d, at what angles do you expect to find 
the maxima in the light intensity in the interference 
pattern? 


A x 

ps ACR SE ee Eng estere el a ee Sar 

pela te ; central 
bright 

B The distance BD must be a iringó 


whole number of wavelengths. 


The central maximum in the interference pattern occurs when the path 1 
engths from 
esi two slits 1 ande d are equal — assuming the slits are at equal 3 from 
e source. a also occur when the paths from th 
by whole numbers of wave lengths. — rene difer 


Consider the figure above. The light going from slit B to the maxim t 
have gone a whole number of wave lengths farther than the light from enim to the 
5 S But BC is longer than AC by the distance BD. Hence BD = ni, where 

ad Bet SIR 


It can be shown that if C is far away (AC is large com 
pared to AB), BD = AB sin 9. 
But AB = d, the distance between the slits. Finall zm, — 
. Wo gres y then d sin 0 = nì, and sin 0 = n/d 
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PROBLEM 6 Suggest an optical method for measuring the 


width of a narrow slit. 


One straightforward method: set up a source (slit or narrow filament) in front of the 


slit to be measured 
a e T L 


Source x | 


am 
E 


and measure the distance x between the central maximum and the first dark space in 
the pattern appearing on a screen. We now know x and can measure L. To find the 


„ * . * BAL., 
slit width w: I. sin 0 wo andw £ 


PROBLEM 7 Calculate the period of yellow light. About how 
many wave lengths are included in a light wave 
during emission of a light burst by a single atom? 


To relate the period, T, to the wave length, à, we note that the wave moves forward 
one wave length in one period. Letting c — speed of a light wave we have: i 


X = — 
= and T = er 


We have METH x 5.8X 1077 meters 


e =3X 105 meters/ second 


T1 


The burst of light from a single atom lasts for a time ts of the order of 19? seconds. 
In this time the number of periods is of the order of: 


-9 
E: * — = 10° periods. 


10 seconds/ period 


A single atom, therefore, emits a wave train of the order of 10° wave ii long. 
This suggests a method for estimating the duration of a light burst. We could set up an 


interference experiment and keep increasing the path difference between the interfering 
beams. As long as the path difference is smaller than the length of wave train the wave 
trains in the split beams overlap. When the path difference exceeds the length of the 
wave train there is no overlap and the interference pattern disappears. 


™, 
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PROBLEM 8 What happens to the diffraction of a single slit 
when you turn the slit as in Fig. 19-29 instead of 
holding the opening perpendicular to the path 
of the light? Why? 


Screen 


Source 


As in Problem 4, the extra distance, DA, the light travels to reach the top of the 
slit, is compensated for by the extra distance BC, the light travels from the bottom of 
the slit to the screen. The central maximum does not move. 


However, the slit becomes effectively narrower. If it has a width, w, then its 
effective width is w cos 9. Since the slit becomes narrower the diffraction pattern 
becomes wider. 


Note: The solution given above is correct to first order, and is all that the students 
Should be concerned about. The complete solution of the problem is very complicated. 


PROBLEM 9 (a) When yellow light passes through a slit I mm 
wide, at what angles are the first nodes in 
the diffraction pattern? 


(b) If the slit is 10 times as wide? 
(c) If it is yy as wide? 


The nodes in the diffraction pattern occur at angles such that the path difference 
w Sin 0 from the two edges of the slit to the screen is equal to an integral number of 


wave lengths. 
nÀ 


w sin =n), and sin 9 
n E Sy aa OW -3 -2 -4 
For }=5.8X10 meters, and w= 10 meters, 10 ^ meters, 10 meters, 
respectively, we get: 
X — 5.8X10^? om 4 


For the first node with a 1 mm slit, sing - — = 9— 7 - -$5.8x10 *. 
10 cm 

Since our trig tables do not go to this small a value, to get the angle it is necess to 

realize that for small angles the angle in radians is equal to the sine of the No. 

Angle in radians = 5.8 X 10 ^. Since angles in radians and degrees are proportional, 


.d degrees or @ = 0.0339 
5.8X 104 7 radians IT 


0.0033? 
0.00669 
0.0100? 
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PROBLEM 10 When two identical fairly wide slits are used to 
make an interference pattern and when they are 
separated by a distance comparable to their width, 
the resulting pattern combines the features of a 
single slit diffraction pattern and the pattern of 
interference between the two slits. A photograph 
of such a pattern is shown in Fig. 19-30, Identify 
the dark regions arising from the diffraction 
pattern of each slit and the dark bars arising 
from interference between the slits. 


*p 


12 


1 


| et 


Curve (a) represents the intensity distribution to be expected from diffract ion by 
a slit. 

Curve (b) represents the intensity distribution to be expected from the interference 
of the light from two point (or line) sources in phase if they emit light uniformly in all 
directions. 

Curve (c) obtained by multiplying (a) and (b) gives the intensity distribution to be 
expected when we have two line sources which emit light according to the diffraction 
pattern of a slit rather than uniformly in all directions. 


The ratio of slit separation d to slit width w seems to be about 3.8. We would 


Arrows show dark 
regions due to dif- 
fraction by each 
slit. 


Arrows show dark 
bars due to inter- 
ference between 
slits. 


ÀA 
have: Xp = I, Ax= s = = 4 * 3.8 according to Figure 19-30. 


PROBLEM 11 When a source of wave length ) is used with three 
slits, each separated from its neighbor by the 
distance d, show that you get maximum intensity 
at the same angles as for two slits only. 


The condition required to obtain complete rein- 
forcement between any number of waves coming 
from a set of sources all in phase is clearly that 
the path difference from any two sources be an 
integral number of wave lengths. 1f the sources 
are equally spaced this condition is satisfied 
when the path difference from adjoining sources 
is an integral number of wave lengths. 


d sin = m 
2d sin = 2m 
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It seems likely that there are secondary 


maxima where partial reinforcement B 
occurs. In fact the intensity pattern E 
from three slits looks like this. 8 
£e 
n 
gode 3. 3 
d sin 8 


The existence of minima when Nd sin 0 = (integer) X X (N = number of slits), but when 
d zin 2 is not an integer, is Suggested by the discussion in the text (pages 292-3, 


Figures 19-13, 14). It is true in general, but can be proved by the trick of pairing off 
slits only when N is a power of 2 (see Problem 12). With more than 2 slits the principal 
maxima occur at the same angles as with two slits but they are narrower. 


PROBLEM 12 (a) For four narrow slits spaced d apart, find out 
at which of the angles given by sin @ = 0, Nad, 
Md. 3)/4d, and X/d you expect maxima and at 
which of the you expect nodes in the 
intensity of light in the interference pattern. The 
diagrams (Fig. 19-31) and the idea of pairing 


may help you. 
[^ Which of these angles is a node of the two- 
slit pattern? Which a maximum? 


Sin @= Md: 


1 and 2 cance 
3 and 4 cancel 


Sin 6=3)/4d; 


1 and 3 cancel 
2 and 4 cancel 


1 3 cancel 
2 and 4 cancel 
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We find: dsin@=0 : Maximum 
dsin0- 4  : Node 
dsin0- M2 : Node Sin 0= Md: 
dsin0-3XM4 : Node 
de sin = X Maximum 


Between nodes partial reinforcement must occur 
and therefore there must be secondary maxima 
approximately midway between nodes. The intensity 
a should look like that shown in the figure be- 
ow. 


c) The principal maxima of the 4-slit pattern 
coincide with those of the 2-slit pattern, however, 
they are twice as sharp. With many thousands of 
slits (diffraction grating) the maxima at d sin 0 = 
mì are exceedingly narrow. 


4-slit pattern 2-slit pattern 


d sin 6 
0 X A BA X B 3X 7A 2A 
4 2 4 2954 
PROBLEM 13 Microscopes in which the object is illuminated by 


ultraviolet light can give higher magnifications 
than microscopes that use visible light. 

(a) How do you explain this? 

(b) How are the images seen if no visible 


light is used? 
(c) Since glass is opaque to ultraviolet light 
how can such a microscope be made? 


3) For a microscope to give high magnification, the lens diameter (aperture) must be 
very small so as to permit a small radius of curvature for the lens surface. But, magni- 
fication will not be helpful i£, because of diffraction effects from the small aperture, two 
adjacent points cannot be distinguished. 

As a way of approximately considering the diffraction effects with a small lens aper- 
ture, students might consider the lens aperture as a slit. Light coming through a single 
slit is spread out into a diffraction pattern with the first minimum occuring at an angle 
such that sin 0 = \/w. Considering light from two adjacent sources is comparable to 
considering light coming from two adjacent points on an object. Light coming through a 
slit from two sources separated by a small angle will produce overlapping diffraction 
patterns. If the two sources were far apart in angle, two distinct diffraction patterns 
would be seen and one could clearly say that there were two sources. If the two sources 
were an angle 0 apart, where sin 0 = MW, the two patterns would overlap and we could 
not distinguish the two sources clearly. It does not.pay to be too fussy about the exact 
specification, in terms of Mw, of the sine of the angle that will permit distinguishing 
between two adjacent sources. For a circular aperture, the requirement is a little 
different than for a slit. 

However, to distinguish between two points, the angular separation of the points 
must be greater than 0, where sin 0 is about equal to Mw, and w is the diameter of the 
lens. Because w is more or less fixed by the magnification sought, it follows that, to 
get as small a 0 (angular separation of two points that can be distinguished) as possible, 
we must make \ as small as possible. Hence the use of ultraviolet light. 


19-26 
b) The images are displayed on a fluorescent screen or on photographic film. 


c) If lenses are used they must be transparent to the wave length used. Quartz is 
transparent down to about 2,100 A, fluorite down to about 1,200 A, however, air 
absorbs strongly below about 1,800 A. In principle one could build a microscope usii < 


mirrors instead of lenses. 


PROBLEM 14 Two images can just be resolved when the central 
maximum of one falls on the first node of the 


other. 

(a) Show that the resolution of a narrow slit 
depends upon / where w is the slit width. 

(b) About how close together can two line 
sources be placed and still be resolved if they are 
viewed through a .01-cm slit (about the smallest 
size you can make easily) 3 meters away from the 
sources? 


8) Since the phase delay between the two sources varies rapidly there is no inter- 
ference between the light waves from the two sources. Each produces its own separate 
diffraction pattern and the two patterns are simply superposed. 


2 
The central maximum of the diffraction pattern produced by 8, is in the direction 
from S, through the center of the slit. If the first node in the diffraction pattern of 81 
occurs in the same direction we must have w sin 0 = X, 


Therefore, sing =% = N 
L w 


1 
b) For w⸗ 102 cm, and L=3 x10" om; x= LÈ 1.2. 
If we take N as, say, 5.7 X 10 em, w € 1.7 cm. 
PROBLEM 15 Stars are often photographed ti 
filter. What is the advantage of thict = D 


The angular resolution of a telescope de 
pends on the ratio MD of the wave length of 
light to the diameter of the telescope's objective (lens or mirror). If light of a ee 


with a slit of the same width (actuall: 
y the angular opening is 1 t 
1.2). A telescope therefore, has an angular TERENA at eso li > ire 


1.2 = 
(1.2 yy actually. The Palomar telescope (D = 5 meters) has an angular resolution of 
about 0.028 seconds of arc in white light (average X= 5.7 x 107 meters) and of about 
0.022 seconds of an arc in blue light (k= 4. 5 x 197 meters). 


se? =e" 
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PROBLEM 16 From the photograph of a soap film at the top 
in Fig. 19-20, plot a graph of film thickness 
against vertical distance down the film. 


The photograph in Figure 19-20 shows 
alternate bright and dark fringes. The 
upper dark fringe shows that the thickness 
in that region is less than 1/4 wave length. 
The next dark fringe is in the region where 
the film is 1/2 wave length thick. If we 


take 6. 5 X 10 » cm as the wave length of 
red light, the graph of thickness against 
vertical distance down the film is as shown 
atthe right. Distances from the top were 
measured along a vertftal line through the 
center of the film. 01155557078. 5 8 


Distance from top of film in cm. 


© 
L1 
e 


o 
s 


to 


very uncertain region 


Film thickness in 10^? cm. 


> 


PROBLEM 17 Two pieces of plate glass 10 cm long make an air 
wedge (Fig. 19-21). The plates are separated at 
one end by a human hair with a diameter of 0.09 
mm. The reflected interference pattern is ob- 
served by looking in a direction perpendicular to 
the pe the of the plates. 

(a) What is the spacing of the bars if the 
incident light is blue? 

(b) How many bright bars are seen per centi- 
meter if the incident light is red? 

(c) Is the light reflected from the end where the 
plates are in contact a maximum or a minimum? 

(d) Can you tell from this experiment which 
reflected waves are turned upside down? 


c) One way to handle this problem is to begin with part (c), noting that the light 
reflected from the region near the end where the plates are in contact must be a mini- 
mum. Where there is no air gap there is no reflection. This implies that the two 
reflected waves cancel. Therefore one of them must have been turned upside down. 
For a very small air gap the waves reflected from the two sides of the gap would still 
nearly cancel and there would be very little reflected light. 


a) From (c) we see that there will be a black bar near the end where the plates 
touch. Now start counting bars. The next black bar will be where the air wedge is 
V thick (a total path difference of Y; the next black bar at X. When we come to the 
end, we will have counted n bars and the thickness of the wedge of air is n/2 wave 
lengths. However it is also 0.09 mm thick. If we take the wave length of blue light 


as 4, 750 A, the thickness in wave lengths is 0.09 mm = 4750 X 107" = 190. We will 
have eounted 380 bars in 10 cm, so the spacing between bars is 10/380 = 0.026 cm. 

b) For red light (à= 6, 500 A) the hair is fewer wave lengths thick. There are fewer 
bars, and the spacing is greater. 


6500 A = 
4150 A * 0.026 = 0.036 cm. 


The number of bars seen per cm is = 28 bar/cm. 


es 
spacing 
d) We cannot tell from this experiment which waves are turned upside down. 
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PROBLEM 18 Lenses are often coated with a thin film to reduce 
the intensity of reflected light. i 5 
(a) If the index of refraction of the coating is 
1.3, what is the smallest thickness that will give 
minimum reflection of yellow light? 
(b) Such lenses often show a faint purple color 
by reflected light. Why? 


a) Since the reflections from air to the film of n= 1.3, and from the filin (n = 1.3) 
to glass (n= 1.5) are of the same and both are inverted, a film thickness of )/4 
will give a total path difference of V2 and the two reflected waves will interfere 
destructively. Yellow light has a wave length of 5800A in air. The wave lengths in 

x 


two different media are related by n= ae A 
film 


i 3 
_ air _ 890A _ 
n 


The film should be /4 = 1100A thick. 


b) If the film is of the proper thickness to cancel yellow light, red light and violet 
light will be somewhat reflected. The reflected light will therefore have a reddish- 
violet or purple tinge. 


PROBLEM 19 Two 3-inch loudspeakers emit a steady pitch 
whose frequency is 1,000 vibrations per second. 

These sources are in phase and are 2 meters apart. 

(a) At what angles would you expect to hear no 

sound? (The speed of sound is about 300 m/sec.) 

(b) What do you think would happen if you 
VVV 


This problem requires an extension of the students’ knowledge of interference of 
light into the realm of sound. 


a) No (or very little) sound will be 
heard at an angle @ such that the dis- 
tance AB is /2, 3/2, 5/2, etc., 
because the sound from the speakers 
will cancel. 


For this problem ^ = v/f = 300/1000 = 
0.3 meters, AB = 2 sin 0 meters. No 
sound will be heard at 
2 Bin 0 . 0.9 1.5 2.1 


Ru" Seaman aga eee 
sin 0 = 0.075, 0.225, 0.375, 0.525, 
0. 675, 0.825, 0.975. 
0 = 4.32, 13.0, 22. 00, 31. 7, 42. 50, 
55. 6, 77. 00. 


b) Because of multiple reflections the sound would travel o 
ver many different paths 
of different lengths in reaching the ear or a microphone. Since it Soul arrive do maniy 
different phases a nodal pattern could not be observed. 


E 


19-23 


PROBLEM 20 Can you reasons why no interference is 
ones t reflects from the two surfaces of a 
win 


There are several reasons why interference fringes are not ordinarily seen in the 
reflection from a window pane. The principal one is that the window pane is usually 
viewed in white light. Suppose the pane is 0.3 cm thick, For light of wave length 
(in glass) 6000A, the path difference is 10,000 wave lengths and this light would inter- 
fere destructively and not reflect. Light of wave length 5, 999. 7A would have a path 
difference of 10,000. 5 wave lengths and would interfere constructively. Thus, many 
wave lengths evenly distributed over the entire spectrum would reflect and the net 
results would be, not colored interference fringes, but a white reflection. 


If light of one wave length were used we might see interference fringes. However, 
a single spectral line would have to be selected--not even yellow sodium light will do 
since it contains two closely spaced lines. Also the surfaces of most window glass 
probably are too far from being optically flat to show good fringes. 

With thin pieces of glass like microscope cover-glasses, and under ideal conditions, 
interference fringes can be seen. z 


a 
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Appendix 1 - Supplement to Chapter 12, Section 5 
Multiple Images Formed by Two Mirrors at an Angle 


(This information is supplied to reduce the teacher's time and trouble in finding 
answers to questions which may come up. The subject is not suitable for presentation 
to the entire class; it is usually too complicated and not important enough to be worth 
the time it would take to make it understandable to even a small fraction of the class, 
This material may prove useful for after-school discussions with able students.) 


An easy way to locate multiple images is to get "images" of images as outlined 
below, This procedure would confuse many students and should certainly not be 
given to the entire class, 


The method is shown in the drawing below. Two mirrors are shown at 60°, An 


object, P, will give 5 images as shown, II, Ij, I, I, Iņ. You can find all these 
images by going through the following steps. 


extension of mirror #2 


13 


reflecting side 


extension of 
mirror #1 


reflecting 
side 


mirror #2 


1, Extend the lines of the two mirrors and indicate which side of the extended line 
corresponds to the reflecting side, For example, in the diagram, the upper right 
side of the extension of mirror 2, and the lower side of the extension of mirror 1 
are the reflecting sides; the shading shows the back sides, 

2, Find the image of P in mirror 1 using the standard technique, This gives 11 
where PO; = 1104; PO, is perpendicular to mirror 1. 

3. Next find the image of I in mirror 2. When you drop a perpendicular from I 
to the plane of mirror 2, it strikes the "reflecting side" of mirror 2, This gives 
I, where 1102 = 1505. 

4, This procedure can now be continued by trying to get the image of I; in mirror 
1. You drop a perpendicular to mirror 1 which hits it at O4. Since I, is on the 
reflecting side of the extension of mirror 1, Ig isa valid image of 12 and 120g 


130g. 


2 


5. Something different happens when you try to find an image of I, in the next mirror, 

which is the extension of mirror 2. This time if you drop a perpendicular to mirror 2, 
you find you are on the non-reflecting side. Hence, Ig does not produce an image. Ig 

is, therefore, the last image in this sequence. 


Although this chain is broken, there may be other images. Ig is the last of the 
images which can originate from light leaving P and hitting mirror 1 first, There are 
still other images which may be formed from light which hits mirror 2 first. 


6. The first image of P formed by mirror 2 is labeled Ij. It is analogous to L 
formed by mirror 1. 


7. Similarly, image I5 is the image of I, in mirror 1. It is analogous to I,, even 
though it passes through the extension of mirror 1 rather than the mirror itself, 


8. A question arises when you try to find the image of I; in mirror 2, If you drop 

a perpendicular you would get another image and a valid one, but this image (which 
might be called Ic) would exactly coincide with 13. Since exact drawings or complex 
geometry would be needed to prove this, you will find it helpful to know that the images 
all lie on a circle centered at the point where the mirrors meet, and passing through 
the object. A simple formula can be given only if the angle can be obtained by dividing 


1809 by an integer. If the mirror angle, 0, is m, there are (2n - 1) images. 


APPENDIX 2 
Supplement to Chapter 13: The Rainbow 
Why is the rainbow shaped like a bow? 
Never mind color now, Think about pure yellow light to see how the bow shape arises. 


When a beam of (yellow) light hits a raindrop, some of the light enters the drop, re- 
fracts, and reflects. It bounces (never mind which Way now) and finally leaves the drop 
in many directions. For now, all that is important is that in directions which are 42° 
away from the incoming beam, the light coming back is particularly bright. It is 
brighter than 41° or 43° or any other nearby direction, 


Cross-sectional view of raindrop 
never mind what happens in here now 


Light from s 


bright beam 
comes off in 
this direction 


The picture above just shows part of what happens. The bright reflection comes 
back on all lines that are 42° from the incoming beam. The bright reflection from one 
drop is therefore a cone of light with vertex at the drop. 


S 


aS 


42° cone of bright reflection 


light from sun 
~r raindrop 


Where must such a cone of light be located in order for a ray moving along the cone 
surface to head directly toward you, that is, in order for you to see it? A cone whose 
vertex is directly in front of you would shoot around you on all sides and miss you com- 
pletely. The vertex of the cone must be 42° off a line straight ahead of you if a ray of 


the cone is to come to you, 


f water drop 

that man 
does not 
See 


light to drop 42° water drop 

from sun {from which 
light comes 
to man 


There are many places a raindrop could be so that a ray heads toward you -- any 
place that is 42° away from the line straight in front of you, All such drops lie on 
a cone with the vertex at your eye, and appear to you as though they lie on a circle, 
Since you are on the surface of the earth, no drops send light to you from below 
ground, and you see at most half of a circle -- a rainbow! If some regions of the 
sky do not contain the necessary drops, you may see only a small piece or several 
disconnected pieces of the bow, See Figure 13-19 on page 223 of the text, 


Why does a single spherical raindrop produce a bright cone of light? 

Slice the sphere through its center to get a circle whose plane contains some of 
the light rays from the sun. One path that a light ray can take is to enter the circle, 
refracting as it goes from air to water, bounce once at the rear of the circle and 
refract out when it next hits the Surface, 


refract RF 
<x pese 


ae transmitted 
ray does not 
contribute to 
rainbow 


If a narrow parallel beam (much narrower 
than the width of the drop) of light enters the 
drop, for most points of entry, it is converted 
into a diverging beam of light by the time it 
leaves the drop. 


Since the light from such beams spreads 
out upon leaving the drop, it does not 
appear much brighter than the rest of 
the sky to someone looking at the drop, 
However, there is one ring on the drop 
(or two points on the drop cross section) 
where an incoming beam goes out also 
as a narrow beam, 


Only a small beam of light into and out of the raindrop accounts for bright 42° cone. 


One can check that this is the case by making a sufficient number of accurate 
scale drawings--all that is involved is refraction and reflection, and you can handle 
both in a drawing if you work with sufficient care, Since the water drop is a sphere 
and not a circle, the bright emerging beams leave the drop in a 42° cone as previously 
mentioned, P 


Why is the rainbow colored? 

Remember that the entire previous discussion has been for yellow light, The index 
of refraction of water changes a little bit as the color of light changes, If you repeat 
the drawings above for different colors, you find that whereas yellow light is concen- 
trated at 42°, red light is concentrated at an angle of 430, and blue light at an angle 
of 41? (approximate), 


NOTE: Not to scale. 
The angles between 
the colors are 
exaggerated. 


Which color appears on top? 
Since concentrated red light leaves the drop at an angle of 43° (42.37°, really 
nearer 42°) and concentrated blue light leaves the drop at an angle of 41° (40. 60), 


from each drop there is a 43° cone of red light and a 41° cone of blue light with the 
other colors coming out in cones in between, 


Sra water drops 


These drops do 
not contribute to 
this man’s rainbow. 


2° angle from red to blue in primary rainbow 


Consequently, we see red light at an angle of 43° from straight ahead (at the outside 


of the bow) and blue light at an angle of 41° (on the inside), The drops sending any 


one of the colors to us lie on part of a cone with vertex at our and s 
o a 
on part of a circle, Thus every primary rainbow is about 2° wide, Adda 


What is the geometry of rays going through a spherical drop? 
If we add three radii and some auxiliary lines to Figure 13-17 on page 222, we obtain 


incoming light 


from sun 

section of raindrop 
through center of 
Sphere For 
convenience choose 
the radius to be 1. 


light sent back 
to observer by 
raindrop 


The geometry of such a figure is much simpler than one might expect, Since BA, 
BC, and BD are radii, they are the same length. Hence, triangles. ACB and CDB are 
isosceles, Because of this, angle BAC is the same size as angle ACB, Furthermore, 
since a radius is also a normal to the circle, the law of reflection requires that angles 
ACB and DCB be the same size, Therefore, the four acute angles in the triangles are 
all the same size as the angle of refraction. The two triangles are congruent, From 
this congruence, chords AC and CD are the same length, a fact which is useful in 
simplifying accurate graphical construction. Once you have found point C by using 
Snell's law at A, you can find point D by swinging an arc of radius AC from point C. 
You can then construct the emerging angle, i, the same size as the incoming angle and 
measure angle d. Alternatively, you can compute d using the easily verified equation 


d=2r-2(i-r)=4r- 21. 

There are some simple regularities in the over-all pattern of emerging rays 
coming from parallel incident rays striking the upper half of the drop, The ray which 
approaches along the diameter (I. e., the distance y in the figure above is 0), travels 
through the center and returns along itself. As the distance y is increased, the point 
D moves counterclockwise around the circle. At first the angle d increases in size. 
But at a certain point, as the light enters the circle higher and higher, angle d stops 
increasing and begins to decrease. The maximum for angle d with yellow light is about 
42°, This can be verified by scale drawing or by calculus which shows that d is a 


maximum when cos i= mu í 


Here is a diagram of five rays through a drop. 


approximate position of 
„ 5 ray of minimum deviation 


Notice that in this drawing rays 3, 4, and 5 lead to quite different angles, d. These 
rays do not all contribute to the strong colored light in a rainbow. It is a much narrower 
band of rays near ray 4 which actually contributes to the rainbow. Remember that the 
entire rainbow is only about 20 wide 80 that each color is concentrated in an angular 
range much smaller than 2°, 


distance = 1 


5°44! 4018! 
11932' 8937' 
17927! 13900! 
23935! 17927! 
30°00" 22901! 


36°52" 26°45! 
44°26" 31940! 
530081 36°52" 
59°23! 40912! 
64909' 42027 

48°35! 


What is the geometry of different colors in a raindrop? 

It is along the ray of minimum deviation that the bright returning light is seen. The 
Sketches in the preceding discussion indicate the reason light is concentrated in the 
region close to the ray of minimum deviation, At angles less than the angle of the ray 
of minimum deviation, the intensity of the returning light falls rapidly. (We are not 
treating here the details of how fast the intensity decreases.) 

Forn-4/3, the minimum deviation occurs at y = 0.8606 or i = 59923'. 
applies to yellow light, A ray diagram for violet light or red light would look similar 
to one for yellow light. Some key numbers that would simplify the drawing of the mini- 
mum deviation rays for red and violet are given in the following table. 


This index 


10 


i y 
circle with radius = 1 
Note: If a radius R other 
than 1 were used, you 
would replace '*y*' by 
* /R and & by x/R in 
this discussion. 
d 
Violet Light Red Light 
Wave length = 8968 A = 6563 A 
Refractive index n = 1.3435 n = 1. 3311 
Values on circle representing drop 
Minimum deviation ray y = 0.855 y = 0.862 
enters X -0.518 x=-0.507 
Ray hits back surface y = 0.347 y=0.361 
X = 40.938 X = 40.932 
Ray emerges y =-0.987 =-0.979 
x= 0.163 x = 0,206 
Angle of incidence i 58948! 59°31! 
Angle of refraction r 39933! 409211 
i-r 19915! 19010 
d DN 40°36! 42022! 


Because each color comes back in a narrow band of angl i i 
es, i f 
the colors, This is another topic we are not treating in detail, o ee 
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of the Angle of Minimum Deviation for Each Color. 

A calculation of the intensity of the rainbow is extremely complicated, (See Physics 

of the Air, W. J. Humphreys, McGraw-Hill, New York, 1940, page 488ff, edition III.) 
For drops that are larger than the size of fog particles, the intensity pattern depends not 
only on the angle, but on the index of refraction, the size of the drop, and the wave length 
of light. (The intensity is significant only very close to the angle of minimum deviation 

so that the variation in reflectivity is negligible.) If the drops are the size of fog particles, 
even more complex calculations are needed which are based on electromagnetic theory. 


Intensity 
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APPENDIX 3 
Supplement to Chapter 14, Section 2. Derivation of the Lensmaker's Formula 
The following derivation involves no more than Snell's law, geometry, and radian 
measure, 


Since all rays parallel to the principle axis of a lens cross the axis of the lens at a 
common point (principal focus) it is only necessary to consider one of these rays in 
deriving this formula. 


The above diagram is too small in the lens region through which the ray passes go it is 
necessary to enlarge and exaggerate the angles in this region, 


The refractions of the ray at both surfaces A and B are described respectively by 
Snell's law as 


sin 1 =n sin 2 
Sin 4=n sin 3 


With a thin lens all of these angles are very small and i 
auer e HERR DE Ang ry and thus the angles in radians may be 


(a 41 n K 22 
(D 24=nx 73 


The next step is to reduce these equations to 

Additional lines have been drawn parans to era 5 . nd 
thus formed have been labeled with the Same number for simplicity Addi (a) iad (b) 
gives £4* Z1-n(Z2* Z9) butsince Z4« 28 ¿Tand z3- ee 46 * 
ve ve Z 2, this equation (by substitution) is 45 % 47 1 Z1 n (422445 
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By rearranging terms and factoring 4 7 (n- ) (25 1 4 1). From the first drawing 
we can see that the lines marked s and s’ in the second drawing and the length of the 
corresponding arcs are all so nearly equal that they can be considered equal. Also 
since it doesn't really matter to what point in the lens f is measured for a thin lens, a 
convenient are was drawn about the focus and f is measured to this are. Thus, upon 
substituting the ratios of arcs to radii for the angles in radians the following equation 
is obtained: 


=(n-1) E m 


s , 
f 
which gives the desired formula upon dividing each term by either of the equalities s or 8’. 
1 1 1 d 
1 - L R=) 
f Ro R, 

It should be noted that the index of refraction, n, used in the above derivation is the 
relative index of the lens material and the medium in which it is immersed. Thus, if 
there are two different media on either sides of the lens the first factoring in the deriv- 
ation could not be done. Diagrams which better portray these ideas are shown below. 


(Mair 21.00, Dyater = 1.33, and Oglass = 1.5) 


1 
f=1.49R —" 
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APPENDIX 4 
Supplement to Chapter 14: Information on Camera Lenses 


Like the other appendices, this information is not intended for class presentation, 
simply as a background. 

The two principal factors which govern the use and quality of camera lenses are 
the speed“ of the lens and the image defects it introduces. 


Speed 
The speed“ of a photographic lens determines the exposure time required. The 


illumination of the image is directly proportional to the square of the lens diameter 
and inversely proportional to the square of the focal length: 
1. The light-gathering power of a lens is dependent upon its area which is propor- 
tional to the square of its diameter. 
2. If we have two lenses of the same diameter, but one has twice the focal length 
of the other, the light gathered from a given object point will be the same for both 
lenses. The image of the object point formed by the longer focal length lens will 
have twice the linear dimensions (and 2° X the area) of the image for the shorter 
focal length lens. Thus each unit area of the image formed by the longer focal 
length lens will receive 1/4 the light received by a unit area of the image formed 


by the lens of shorter focal length. 


The f-number is controlled for various purposes (including correct exposure) in 
most cameras by varying the effective diameter of the lens with an iris diaphragm. 
From their knowledge of geometric optics, students should be able to answer the ques- 
tion, Why, if a camera is focused on 10 feet, does using a larger f-number (smaller 
lens diameter) result in sharper focus for objects beyond and less than 10 feet?" 


The usual series of f-numbers marked on a camera lens (indicating various settings 
of the iris diaphragm) is 32, 22, 16, 11, 8, 5.6, 4, 2.8, 2. Each of these stops“ 


sec, 


Lens Defects 

In the manufacture of lenses it is not practical to make non-spherical surfaces ex- 
cept for specialized applications where cost of manufacture is not a limiting factor. 
Hence, photographic lenses are composed of elements ground and polished to Spherical 
Surfaces. Even though the surfaces are perfectly Spherical, there are many image 
aberrations a lens may produce. Some of your students may be interested in reading 
accounts of the development of photographic lenses. They can be found in encyclopedias 
and in the more complete photographic handbooks and textbooks. 


A perfect lens would reproduce points, Straight lines and planes in the object by 
points, straight lines and planes in the image. This is difficult to achieve except with 
monochromatic light and with rays that are at small angles to the axis and to the normal 
of the lens surface. The more significant lens aberrations are discussed briefly below. 


Chromatic aberration, as discussed in the text, occurs beca: 
more than red light; the focal length for violet light is shorter than B um 
Chromatic aberration can be reduced by using two kinds of glass in a two-element 
(compound) lens. With two selected kinds of glass, a two-component lens can be made 
to bring any pair of colors to a focus, but colors between the pair have slightly shorter 
focal lengths, and colors toward the ends of the Spectrum have Slightly longer focal 
lengths. Three kinds of glass can be used to bring three colors to the same focal point. 
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Among the lens defects that represent failures to produce a point image of a poin 
object are spherical aberration, coma and astigmatism. T. s PI 


Spherical aberration is illustrated 
in the diagram at the right. From an 
object point on the axis, the rays traveling 
near the center of the lens focus at a dif- 
ferent point than rays that travel near the 
edge of the lens. In correcting lenses for 
spherical aberration through choice of lens 
shapes and combinations of glasses, the lens designer tries to bring both marginal and 
central rays to the same focal point. Even when this is done,with spherical surfaces 
there is usually some remaining aberration for the rays between central and marginal. 
This is called zonal aberration. Itis often serious in lenses having a greater aperture 
than about f-number 3. (This is why many fast“ lenses give greatly improved defini- 
tion when stopped down to about f/3. In large refracting telescopes, one or more of the 
lens surfaces is retouched by hand to minimize zonal aberration. 


Coma is a kind of spherical aberration for object points that are not on the lens axis. 
It increases as the object point moves farther from the axis. Coma is basically a vari- 
ation in magnification or distance of the image point from the lens axis, by the various 
(central to marginal) zones of the lens. The name of this aberration comes from the 
fact that the image point is not a circle, but a bright spot which is surrounded by a 
11 spot that usually tails off from the axis. Hence the image is comatic (comet- 
ike). 


Astigmatism occurs with a perfectly spherical lens surface for object object points 
that are off the axis. For such object points, a spherical lens surface presents a 
cylindrical aspect, forming an image of a single object point as two mutually perpendic- 
ular lines at different distances from the lens. Radial lines (spokes of a wheel) and 
tangential lines (wheel rim) in an object are focused at different distances from the lens. 
With this defect, the best image point“ is midway between the two line images. 
Astigmatism, like coma, increases as the object point is moved farther from the axis. 


Distortion is a failure to produce a straight line image of a straight line object. It 
does not occur for lines passing through the lens axis. In distortion, magnification is 
not uniform over the entire image area. Outer parts may be magnified more or less 
than central parts. These two cases result in barrel“ and ‘‘pincushion’’ effects. 


HE og n 


“Barrel’’ distortion “Pincushion” distortion 


Square 


Since the corners of a square are farther from the axis than the centers of the sides, 

the corners may be magnified more or less than the sides, thus warping a square into 

a “barrel” or a pincushion“ . With a simple lens, which type of distortion results 
depends on whether the diaphragm is in front of or behind the lens. In compound lenses, 
the placement of the diaphragm is the principal means of controlling distortion. 
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Curvature of field is the case of an object plane which makes a right angle with the 
axis being imaged as a concave (usually) surface. Curvature of field results when 


axis. Since the film must lie flat, (in 

most cameras), extensive curvature 

of field is troublesome. Because of 

astigmatism, there are actually two 

curved fields (one for tangential lines 

and one for radial lines) which come together only at the axis. 


Aberration; 


negative and positive lenses can nearly balance out the worst of the troubles. The design 
of a lens is a complicated compromise between the corrections for the various aberra- 
tions. Hence no one aberration is reduced as much as it might be if it were the only 
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APPENDIX 5 
Supplement to Chapter 14: Information on the Eye 


The structure and functioning of the human e 
ye are very complex; th 
eye are complicated as well. In connection with class 1 of Chapter 14 je 
. b. i E ea of the gross operation of the eye as a focusing device 
iclent. 
dem e following is supplied as background information, and for discussions 


Structure 

The eye is approximately spherical. Its outermost layer is a protect. 

which becomes the transparent cornea in the front of the eye. minua dr a 
cornea is a water-like substance (the aqueous humor). Behind this is the eye lens which 
is made of fibrous tissue. Behind the lens and filling the central chamber of the eye, is 
the vitreous humor (a jelly-like substance). The light-sensitive layer, the retina, 
covers considerably more than the rear hemisphere of the wall of the eyeball. There 
are two sorts of sensory cells in the retina, the rods and the cones. Only the cones are 
involved in color vision. The mechanism of color vision is not well understood. 


Geometric Optics 
The refractive indices and average radii of curvature of the parts of the eye are: 


Radius of Approximate 
n Curvature Thickness 
Front 7.7 mm 
Cornea 1.376 Back 6.7 mm 0.5 mm 
Aqueous humor 1.336 
Front 10.0 mm 
Lens about 1.41 Back 6.0 mm 3.6 mm 


1.336 


Vitreous humor 


eye (I. e., at the cornea), not at the lens. 
and are not bent much more before they reach the retina.) The equivalent focal length 
about 31 mm in the eye. Since the retina is an average 


The effect of the eye, Including the lens, is to produce an image 24.4 mm behind 
the cornea. The total combination behaves like a thick lens rather than an ideal thin 
lens. However, the focusing function can be approximated by replacing the cornea and 
the lens by a single refracting material with an index of refraction of 1. 336, a radius 
curvature of 5. 7 mm, and a position in the eye of 1.5 mm behind the cornea, or 22.9 
mm in front of the retina. This surface would bring parallel light to focus at a distance 


of 22.9 mm in the eye. 


Accomodation To Distance 
The eye focuses divergent light by changing its focal length. The lens is enclosed in a 
transparent membrane. The membrane is attached to the structure of the eye. When 


the attachment is pulled forward by the contraction of the ciliary muscles, the lens 
becomes more convex through its own elasticity. The maximum possible change in 
focal length depends on age. A ten year old can focus on an object 7 cm away, implying 
a focal length of about 17 mm for the equivalent refracting surface (compared to 22.9 
for the normal relaxed eye). In order to do this the radius of curvature of the lens 
changes by several millimeters. As one grows older, the lens loses its ability to 


accommodate. 


Closest Equivalent focal ma of 
1 3 2 — 29.0 min)” 
10 7 17.2 
15 8.5 17.9 
20 10 18.5 
30 14 19.6 
40 23 » 20.7 
60 100 22.2 


Notice that the 25 cm used commonly as the **closest distance of distinct vision’’ is 
not really an average. It is used, by convention, as some sort of ideal working distance. 
If one wished to see something as well as possible, he would move it to the closest dis- 
tance. But using the eye at the closest distance causes eye strain. Thus the conventional 
distance of 25 cm is commonly used in computing magnification. Experienced workers 
using optical instruments often focus their instruments so that the image is quite distant; 
this reduces the magnification only slightly but causes much less eye strain. 


ariation of with Color 
Under no co! ms, the eye is most sensitive to green-yellow light, and 
the sensitivity drops most sharply toward the shorter wave lengths (blue). The sensi- 
tivity is negligible below 4000 A or above 7100 A. 


The eye is most sensitive (after it has been in the dark for more than 30 minutes) to 
photons of light whose wave length is 5000 A. It requires about 50 such photons entering 
the eye within a 0.1 sec interval to produce the sensation of light. About half of these 
are absorbed on the way to the retina (the eye is not very transparent); of the remaining 
25, about 5 produce a photochemical reaction in a dye (visual purple — molecular weight 
270,000). It is necessary for about 5 different rods to be stimulated in order to get the 
sensation of light. 


Abe wat dation to Intensity 
eye changes its diameter in response to changes in light intensity. The 


opening through which light can enter the eye can be changed from about 2 mm to 8 mm; 
this corresponds to a change by a factor of 16 in the opening area and in the admitted 
light. However, the eye can accommodate intensity changes of 104. This accommoda- 
tion occurs through a change in the sensitivity of parts of the retina. For example, in 
very faint light, the rods in the retina are very sensitive; in bright light, however, the 
cones play a major role. When one goes into a completely dark room from a brightly 
lighted one, the eye's sensitivity increases by a factor of about 5 in five minutes. 

After an hour, the eye's sensitivity has increased by a factor of about 104. 


The eye can detect differences of about 1% in the intensity of adjacent objects. 


Sher abun Ex Eye 
ocusing. n à relaxed eye does not focus light properly on the retina. The most 


usual cause is variation of the eye size, (l. e., the distance from the cornea to the 
ren M it can be due to defects in the cornea or lens. If the eyeball is too long, 
are re nage er (or myopic); he can see close objects well but cannot see 
d 8 ts early. A diverging lens is used to correct this. On the other hand, if 
eyel short, the relaxed eye produces an image of a distant object beyond 


Astigmatism. Astigmatism in the eye arises from the 
imperfect sphericity of the 
utra i pn — the cornea. (Astigmatism in the eye produces the same imper- 
Age as does astigmatism accompanying the focusing of an off-axis object 
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point by a perfect spherical lens.) The astigmatic cornea is somewhat cylindrical rathe 
than spherical. At least half the cases of poor eyesight are due to perii —— p 
than nearsightedness or farsightedness. Corrective lenses for astigmatism are cylin- 
drical. 


Spherical Aberration and Coma. Some spherical aberration and off-axis aberration 
exist in the eye, but both the cornea and the lens are somewhat flattened in the regions 
away from the axis which partially corrects for this. 


Curvature of Field. Since the retina is curved, curvature of field is usually of little 
consequence, 


Chromatic Aberration. The total difference in focal length between red and violet 
light is about 0. 5 mm (in a mean focal length of about 23 mm). However, the eye 
focuses mainly on yellow light when viewing a white object, and the slight lack of focus 
of red and blue causes no noticeable effect. 


Diffraction Effects. When the pupil opening is between about 2 mm and 3 mm in 
diameter, diffraction sometimes limits the resolution attainable by a perfect eye. 
Above 3 mm, diffraction decreases but other lens aberrations increase $0 that the over- 
all resolution is not improved. 
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APPENDIX 6 
Fermat’s Principle 

Fermat’s principle may provide the basis for interesting discussions outside of 
class with students. 

The following discussion is related to the time it takes light to travel from any point 
A to another point B. 

1. Fermat’s principle, as he stated it, applies to light traveling in a homogeneous 

medium or to light reflected or refracted at a single plane surface. The principle 

states that the path light actually takes between A and B is that which requires less 

transit time than any neighboring path. 


2. Also related to transit time and covered by an extension of Fermat’s principle, 
is the fact that the transit time is the same for all light rays which go through an 
optical system from one point on an object to the corresponding point on the image. 


Fermat's principle (in its restricted sense of the light path being a minimum for 
plane surfaces) can be used directly to derive the following: 


1. In a homogeneous medium, light travels in a Straight line. 

2. The laws of reflection. (The proof is given below.) 

3. The laws of refraction. (The proof in this case is straightforward, but involves 
either calculus or quite complex algebra and is therefore not reproduced here.) 


If you merely mention this principle and all that follows from it, the imagination of 
many students will be stimulated. Some will wonder from where this powerful principle 
comes, and whether it has a deeper, even philosophical significance. Other students 
may wonder how Fermat discovered it. You can start an interesting out-of-class dis- 
cussion on either of these questions. 


First we might consider whether Fermat's principle seems more correct or more 
fundamental than the rectilinear propagation of light and the laws of reflection and refrac- 
tion. Many students will appreciate the simple elegance of one rule which leads to three 
others that had been only empirical (even though they explained many phenomena). You 
can continue this discussion by being sure that the students realize that Fermat's princi- 
ple is not like a model; it is more analogous to the laws of reflection or refraction. 


Even though you cannot give a recipe indicating how Fermat discovered this principle, 
students will enjoy thinking about the kind of question that must have motivated Fermat. 
The question of what is distinctive about one particular path is typical of a fruitful class 
of questions in science. One way to get insight into why one thing happens is to think 
about why other things do not happen. Notice that in Fermat’s case he probably did 
not get ahead by asking why light starts off in a particular direction or why the angle of 
reflection is equal to the angle of incidence. Instead he asked the rather indirect ques- 
tion: If light is going to go from A to B (perhaps touching a mirror first) why does it 
posee e A rui nape principle does not help you decide that light from 

; it mere x 
tài p pon de 8 ly states that if light does go, it chooses a cer 


It is not easy to verify Fermat’s principle graphical! 
y or analytically unless one is 

extremely careful and precise. Instead of dis 
two other applications: cussing numerical examples, we can try 


1. Consider qualitatively the path of a refracted ray going from A in air to B ina 


i 
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2. Consider a kinematic problem like Which 
path should a bo 
reach point B from point A, if A is in a region in which he can du (qug 
as he can in the region of B?“. (The region A might be ground while the region B 
pod bes Me 2 way to do this is to think about light, use the index 
e 
a qi o the ratio of the speeds, and try finding the path using Snell's 


B finish here 
water 7 | 
man can travel 
2 miles per hour in water | 
land 7 on 
— 
man can travel P d 
4 miles per hour > f 
on land ets 
2 
7 
4 
A start here 


The fastest path is somewhere between the two indicated. Use 
Snell's law with refractive index 4/2 = 2 to find the point on the 

sin (angle to normal on land) 
river bank where sin (angle to normal on water) nd. 
worth making, about the time it takes light to 
focuses light from one point on an ob- 
is free from aberrations or 
the object point to the corresponding image point 


even though the 
interesting fact to decide 
light goes more slowly through the 
of the lens spends a long time in glass; 


Jass, the ray which goes through the thicker part 
258, during this extra time it spends in glass, the 
light which goes through the thinner part of the glass moves a greater distance k 
In order to make the two times equal, the ray which spends more time in air must bend 
toward the ray which goes through the thicker glass. 
Proof that Fermat’s Principle Leads to the Laws of Reflection. 

The first law of reflection, that the inci nt ray, 2 im Ayo the — are 

in the same plane, is an easy result of Fermat’s principle uc space. 
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The second law of reflection, that the angle of reflection is equal to the angle of 
incidence, must be proved by geometry. Since light, when reflected, stays in one 
particular medium, the index of refraction and therefore the speed of light may be 
assumed to be constant throughout B 
the path from A to B. This means 
that the path over which light takes 
a minimum time to travel is just the A | 
path which is a minimum distance | | 
from A to B. The shortest distance | 
from A to B is just the straight line M 
from A to B, but by minimum we | 
mean the minimum path between A 
and B which touches (reflection) the | LZ 


any point D on the line representing the surface, AD = A’ D by simple geometry. But 


the distance A’ DB and therefore the distance ADB is a minimum, is the point E on the 
line between A’ and B. From simple geometry we have ZAEM = Z MEA’ , and there- 
fore, if NN’ is the normal to the surface at E, ZAEN = ZA’EN’. But ZA’EN’ and ZNEB 
are vertical angles and therefore are equal; s0, ZAEN = ZNEB. This is just the second 
law of reflection, that the incident ray and the reflected ray form angles of the same 
Size with the normal to the surface at the point of reflection. 


An attempt to prove that a path near the “equal angle path” ig longer, by using the 
direct method of taking the difference in length between it and the “equal angle path" 
as a function, sa; of the distance between the point of reflection of the near path and 
the point of reflection of the equal angle path", will end in disaster. It involves 
squaring an inequality three times. 

Using calculus in a straightforward way to find the minimum path leads to the equal 
angle path and also the direct straight line path between A and B. 

An easy physical demonstration that Zi- Zr, when the reflected path is as short as 
possible, can be accomplished with two pins, and a piece of thread. 


Tie the thread to one pin. Loop 
the free end of the thread around the 


thread toward a line while letting the pin B 
free end of the thread slip past pin B. : 
Pay out as little thread 48 possible as 

will allow the pencil to touch somewhere 


along the line. Mark the point where the 
pencil touches, construct the normal, De 0 NC 
and measure the angles of incidence 


and reflection, 


A diagram which illustrates 
the use of Fermat’s principle in 
the study of refraction and which 
shows the high precision needed 
to recognize that the time is a 
minimum: 


With the particular positions 
of A and B shown at right, path 
1 corresponds to Snell’s law. It 
makes an angle of 49. 2° with the 
normal. Path 2 is near the actual 
path (1) of light as determined by 
Snell’s law, but it makes an angle 
of 45° with the normal to the sur- 
face in air and an angle of 30° 
with the normal in the dense 
medium. The time it takes to go 
from A to B along the true path (1) 
is: 


0a ——U— — = 10754 1.79 x 107° sec = 2.79 X 10 6 sec. 
c=3xX 108 m/sec /n = 1.68 X10" m/sec 


The time it would take to go from A to B along path (2) would be almost the same: 
215/sin 60" m. — , 196/sin 45° m... | 5910-6, 9219-8 2.81 x10" "sec. 


c/n-1. 68X10° m/sec c= 3x108 m/sec | 
Even for path (3), the straight line between A and B, the transit time would not be very 


different: 
-en .. 96/8 59 — ~ 2. 05x10" 6 (0,8210 sec - 2.87 X10 “sec. 


c/n=1.68X10 8 m/sec 3x10 8 m/sec 
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APPENDIX 7 
Supplement to Chapter 16: Information on Wave Dynamics 


In class discussion of Chapter 16 the question of why a wave moves as it does Should 
be avoided insofar as possible. Atthis stage, students do not have the necessary prepa- 
ration in mechanics to talk about even the simplest cases. However, the following dis- 
cussion may be helpful as background information for the teacher. 


As the wave shown on the rope in Fig- Fig. 1 — —üä 4 — 
ure 1 progresses to the right it passes the 
point P. 


The piece of rope at P will rise and then 
fall. When it falls back to its original posi- 
tion it suddenly stops. Why doesn’t it over- P 
Shoot and go below its original position? N 


rope or tube which is transmitting a wave Stops suddenly. All real waves have rounded 
corners. The particles of the tube are only gradually accelerated and brought to rest. 


corners. 


The second answer is found through Fig. 2 ay aaa 
Considering the mechanics of a wave as it 
passes some point P. In Figure 2, con- 
Sider the small bit of rope, Ax long, about 
the point P. We assume that the tension 
in the rope is T (newtons). That means 
that the rope is pulling the point P with 


2 force T both to the right and to the left, Ax 
88 shown in the inset of Figure 2. The T T 
net force on the bit of rope at P is zero. £ Sus 


a uniform velocity. Since the wave has not yet 
II. 


has a tension T’. We will avoid for the mo- 
ment how T” is related to T, the tension in 
the leve] part of the rope. Again we see in 


the point P must be at rest or in uniform 
motion. : 


T 
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Referring to Figure 4, we see the wave 
drawn at one time and dashed at a time t Fig. 4 — 
later. During this time the wave has moved 
a distance S and the point P has moved up a 
distance D. The velocity of the wave is thus 
v = S/t and the point P is moving up with a 
velocity D/t - V. We easily divide these two 


equations to get V = ves and since D/S = 


tan 0, we see that V = v tan 0, Furthermore 


we can see that all points along the front 
Slope of the wave are moving with the same velocity V. Similarly, if the pulse 18 symmetri- 


cal, all points on the back slope of the pulse are movin; 
g down with the velocity V. The point 
P in Figure 3 is thus moving up with a uniform velocity V as it must since "ed net 1 


it is zero. 


In Figure 2, the point P was at rest. 
At the later time in Figure 3 it was mov- 
ing up with a velocity V. Clearly, at some 
intermediate time it was accelerated. This 
acceleration occurred while the corner was 
passing point P. In Figure 5, the wave has 
just arrived at the segment of rope at P. 
The inset shows that the bit of rope is being 
pulled to the right with a force T. Now, 
however, the rope to the left does not just 
*tcancel out’? this force. If we are dealing 
with an idealized wave where the point P 
moves only up and down (this is an idealiz- 
ation because there is usually some longi- 
tudinal motion on a real rope), then T’ cos 0 = T since the horizontal components of the force 
must cancelout. The vertical component of the force is T" sin 0 which is also equal to 

that jerks the rope at P from rest 


T tan 0. This vertical component of the force is the one 
into motion when the wave goes by. Of course, if we consider a small enough bit of rope 


this force does not act for long. Tt acts only long enough for the wave to progress the 


distance Ax. 


Fig. 5 


When a force acts on some object for a short time, the impulse method (see Part In) is 
usually a convenient way of treating the problem. The change in momentum of the object 
equals the product of the force on the object and the time the force acts. The rope at point 
P starts from rest, and under the action of the force T tan 0, finally acquires a velocity 
V= v tan 9. Its initial momentum is zero; its final momentum, mass X V. Now the mass 
of the rope at P is zero, but the mass of the bit of rope of length Ax is »Ax where p is the 
mass of the rope per unit length. (If the whole uniform rope has a mass M and a length 


L, then p= M/L.) Its change in momentum is thus 

change in momentum = mass X V = pAx v tan 0. 
'The impulse acting on this bit of rope is a force T’ sin 9 = T tan 0 (see Figure 5) acting for 
a time Ax/v which is just the time it takes for pass the bit of rope 
Ax long. Finally, then 


T tan 0 Ax/v = pAx v tan 0. 
ut which means that it didn't 


Cancelling, we have T/v = pv. Notice that Ax cancelled o 
matter how long a little piece we considered. Since our choice of Ax was arbitrary, this 
must happen. Rearranging the last equation we find 


2E [T 
v LS c EM = — 
„ uU 


the corner of the wave to 


26 


This shows that the velocity of a wave is greater when the tension is greater, and smaller 
when the mass per unit length is greater. The fact that the angle 0 cancelled out of the 
expression is important, for if it had not, waves of different shapes would travel with 
different velocities, and a wave with a complicated shape involving many values of 9 would 
not maintain its shape as it traveling along the rope. 


Once we have treated quantitatively the forces acting on the front corner of the wave, 
we can easily see what happens at other 
points. Figure 6 shows a time when the point Fig. 6 ON 
P is the top of the wave. The inset Shows the 
forces acting. Again, the horizontal compo- 
nents cancel out. There are now, however, 
two vertical components T" sin 9. The im- 
pulse given the bit of rope at P is just twice 
as great as at the front edge of the wave. The 
bit of rope P is therefore not only stopped but , 
turned around and given a velocity V down- q^ T 
wards 


Then as shown in Figure 7, the point 
P comes to the back corner where a force Fig. 7 
T sin 0 acts on it in such a direction as to 
Btop the bit of rope at point P. The im- 
pulse is just the right amount to bring 
the bit of rope to a dead stop without 
overshooting. 


We have considered the mechanics 
of the passage of a particularly simple 
type of wave. Net forces on the particles 
of the rope occur only at the corners, 
Here, since they act on small bits of rope 
they create violent accelerations. The accelerations last only for very short times and 
Occur in such a Way as to give rise to Smooth wave motion. A wave pulse is, in general, 


Solving of partial differential equations (see, for e. i 
F xample, R. A. Becker, Introduction 
to Theoretical Mechanics, Chapter 15.), and we will not consider it here. 
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APPENDIX 8 
Supplement to Chapter 7 - The Speed of Water Waves 


The following material is not presented as s ; 
j r : uggestions for extend: 
laboratory discussions. It is intended only to serve as an aid to the peed ay Boece 


questions, and in planning laboratory programs. 
For any single liquid, the speed of a surface wave di 
frequency of the waves and the depth of the liquid. bir ic Ede oW 


The speed of surface waves can be simply calculated only if: 
1) There is negligible viscosity (and therefore negligible energy loss) in the liquid. 
2) The waves are generated without turbulence (the motions in the liquid must be 


simple and smooth"). 
3) The amplitude, A, of the wave is much less than either the wave length or the depth 


of the liquid. 
. If any of these factors--the viscosity, the turbulence, or the wave amplitude--becomes 
significant, it is extremely complicated to handle the speed theoretically. 


Fortunately, all of these effects are usually negligible in ripple tanks, and the analytic 
formulas are close approximations to experimental results. The main cause for discrep- 
ancies between experimental observations and the theoretical descriptions which follow, 

stems from wave amplitudes which are not negligible with respect to the wave lengths. If 

the wave amplitude is as much as 7% of the wave length, the speed increases by about 10% 

of the wave's ‘‘small amplitude“ speed. Although such an amplitude is commonly used in 

much of the ripple tank work, it will not affect the students’ observations of various wave 
phenomena. It may explain some of the variations found with different wave generators. 

It will surely produce differences between precise experimental measurements and the 


values given below. 

The following formulas are all derived for waves of negligible amplitude. 

If the water is deep enough(a depth of 1/2 will introduce less than a 1% error), the 
speed, v, depends on the sum of two terms as follows: 


"(E + ip) 


where g is the acceleration due to gravity 
f is the frequency of the wave 
T is the surface tension 


p is the density. 
For water, if v is to have the units of cm/sec, the following values should be used for the 


constants: 
g= 980 cm/sec”, p=1 gm/cm?, and T - 72.8 dynes/cm 
(or 72.8 ergs/ om’). 


Using these values, for waves in water we have for the speed v: 


( , 451) 
8 v 


From this formula, v has a minimum when: v= 23.1 cm/sec and f = 13.5 cycles/sec. 


For much smaller values of f, v = = cm/sec. 


However, in this case X is large and may become larger than the depth. In the extreme, 
when X is much larger than the depth H, the speed depends only on H: v = gH. 
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aph below implies that for some depth between 0.4 cm and 1 cm the wave Speed 
idus REA e rund at about 23 cm/sec, even though f varies from 1 cycle per 
Second to 10 cycles per second. On the other hand, this non-dependence of v on f (i.e., 
this freedom from dispersion) comes at the expense of a sensitivity of v on H, and H 
must be kept quite constant for v to be uniform. 


For frequencies much higher than 13.5 cycles per second, the speed is given by: 


v= 457 for v 7.7 1/9 


Although these approximate formulas are helpful in getting a qualitative idea of the 
speed of water waves at various extremes of frequency, they are not adequate for predieting 
the detailed behavior of ripple tanks because intermediate frequencies and relatively shal- 
low depths are used. The complete formula, including the effect of water depth, is 


(E RB) en (t) 


2T Ao 
or 2 (gv. 21fT uu 
(Er +a) m (28 
C 
Where tanh stands for the hyperbolic tangent, tanh (x) = x: 
ete 


For x large, tanh (x) tends toward 1. 
For x small, tanh (x) tends toward x. 


For water: y? - (1560 + 87) tanh () 


where the distances, X and H, are in centimeters and the Speed is in centimeters/second. 


The graph on the following page gives a series of curves showing the velocity (in centi- 
meters/second) of surface waves on water as a function of frequency (in cycles Second). 
Each curve applies to a depth, H, of the water. 


The following features of the graph and formulas are of particular interest in planning 
ripple tank experiments: 


to use frequencies from 7 cycles per second to 20 cycles per second, H= 0.9 cm might 


b. In order to demonstrate refraction well, the speed should depend strongly on depth. 
For this purpose, low Írequency waves show a much bigger effect than higher frequency 
waves. 


Usually, best refraction results Were obtained when the Shallow region was about as 
Shallow as can be conveniently produced. Remember that when you try to get a large, ex- 


c. For other applications, the optimum depth of water in a ripple tank depends in a very 
complex way on the detailed Shape of the waves. If the waves were pure sine waves, they 


will depend on the relative amounts of different frequencies present and the ability of such 
waves to focus light on the screen. The only practical way to choose is to experiment. If 
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a wave pattern is not clear, you may adjust the amplitude of the wave, the position of the 
screen, the details of the wave generator, or the depth of the water. 


d. For relatively low frequencies, the surface tension will not be too important. How- 
ever, for high frequencies a very small quantity of detergent can reduce the surface ten- 
sion by a large factor, thereby reducing the speed. : 
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TEACHER'S GUIDE FOR EXPERIMENTS, PART II 
This part of the text is so interwoven with the laboratory that the experiments can 
carry the main burden of introducing new concepts. Since there is some laboratory work 
related to almost every section of the text, the flexibility to alternate between the labora- 
tory and the classroom discussion is especially useful. 


The proper scheduling of the experiments in conjunction with specific sections of the 
text is very important. 


Number Experiment Best Time Priority 
U-1 Reflection from a Plane Mirror Before Section 12-4 hahaha 
H-2 Images Formed by a Concave Mirror Before Section 12-9 »* 
H-3 Refraction Before Section 13-3 w+ 
H-4 Images Formed by a Converging Lens Before Section 14-3 0 
1-5 The "Refraction" of Particles Before Section 15-2 un 
H-6 The Intensity of Illumination as a Function Before Section 15-3 * 

of Distance 
I-7 Waves on a Coil Spring 2 half periods during WM 


Chapter 16 or one 
period in the middle 


of the chapter 
II-8 Pulses in a Ripple Tank Introduction to Chapter 17  *** 
(Sections 17-1 to 17-3) 
II-9 Periodic Waves , After Section 17-4 vet 
I-10 Refraction of Waves Before Section 17-5 tes 
1-11 Waves and Obstacles Before Section 17-7 0 
* 
I-12 Waves from Two Point Sources 27 ca of + 
Part II: After Section 18-4 
I-13 interference and Phase Before Section 18-5 dud 
I-14 Young's Experiment Before Section 19-4 aes 
* 
I-15 Diffraction of Light by a Single Slit 3 MEM 2 
II-16 Resolution During Section 19-8 * 
II-17 Measurement of Short Distances by After Section 19-9 * 


Interference 


*** essential 
** desirable 
* optional 


II-1 (1) 
II-1. REFLECTION FROM A PLANE MIRROR 


This experiment can be done before the students read or discus 
m thus discover that the incident and reflected rays make equal ode e nee 
Msc ace, that the image formed by a plane mirror is as far behind the mirror as the object 
S in front of it, and that the image and object are the same size. Furthermore, the ex- 
de Bae in locating images by parallax and ray tracing will be useful in later ex- 


Only nails and pins are used as objects in this ; riang. 
experiment; unlike t les and letters 
dede bh and finding their images in a plane mirror will not raise the matter 


Nails long enough to project above the mirror should be used in f. 
inding the im 
osse Aer dene vn n then just a matter of "putting the top" on the ni malia, 
. 12-11 ol A nother way to hold the = 
NE bt aloud Rig tat y mirror is to fit it into a saw-cut 


wood block 


Figure (a) 


Because the angles between the rays and the reflecting surface are seen directly on 
the paper, these angles are the ones we compare. You may delay the introduction of the 
angles between the rays and the normal until you take up the subject in class or, if you 
prefer, call the student's attention to it-during this experiment. 

‘It is worth emphasizing that the more carefully the lines of sight are established, the 
more accurate the results will be. Sharp, hard-lead pencils should be used. 

The lines of sight drawn to locate an image should form a large angle with each other. 
(30° or more). If the angles are small, the lines of sight are nearly parallel and it is 
difficult to determine their point of intersection. The rays, angles, reflecting surface, ob- 
ject, image and distances from the mirror should be carefully labelled. A sample diagram 
is not included in the Laboratory Guide. This enables the student to discover the paths of 
the reflected rays for himself. 

With this apparatus, it is difficult for the student to see that the reflected ray, the 
normal, and the incident ray lie in the same plane; the proof is therefore left to Section 
12-4 and Fig. 12-8 in the text. 


n-i (2) 


virtual point of silvered back of 


reflection By 


reflected incident 
roy ray 


reflected incident 
ray ray 


Figure (b) 
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Figure (c) 


II-1 (3) 


Answers to Questions 


When the head is moved to the left, the nearer of the two pencils will appear to move 
to the right. This exercise will refresh the student's memory of parallax and make clear 
to him at the outset that there is nothing mysterious about locating objects or images by 
parallax. In addition, noting that the nearer of two objects appears to move in the opposite 
direction to that of the eye will be useful to the student in locating images by helping him 
to decide which way to move his parallax "indicator." 


Many students will think that the image of the nail is in the plane of the mirror. If 
they come to this conclusion before making measurements, let them have the fun of dis- 
covering where the image really is. 


Accurate measurements using a mirror with its rear surface silvered will show that 
both object and image are nearly the same distance from the back reflecting surface. Re- 
fraction, however, makes the image distance slightly smaller than the object distance 
(about 1 mm for a mirror 2 mm thick) as shown in Fig. (b). It is not necessary to dis- 
cuss this small discrepancy at this time. > 


The image and object are the same size, although the image appears smaller because 
it is farther away. When a nail identical to the object is used as a parallax indicator, the 
indicator and the image are clearly seen to be of the same size. 


The three images formed by two mirrors at right angles can be found as shown in 
Fig. (c). $ 


APPARATUS 


1 Plane mirror (about 15" x 12") (Front surface, if available) 
2 Nails - flat head (about 12" to 23" long) 

3 Pins (1" long) 

3 Sheets of paper (82" x 11") y 

1 Sheet of soft cardboard or similar material (87" x 11") 

1 Sharp, hard-lead pencil 

1 Protractor 

1 Wood block (2" x 1" x 1") > 

1 Rubber band 

1 Metric ruler 


I-2 (1) 
-2. IMAGES FORMED BY A CONCAVE MIRROR 


In this experiment the student becomes familiar with the images formed by a con 
cave 
mirror and finds the relation between 8 ^ and 8. The experiment is similar to Experiment 


II-4, and we suggest that you assign only one of the two. If reasonabl 

$ y good mirrors are 
not available, assign Experiment II-4 only; if you have good mirrors, this experiment 
should be done before the discussion of Section 12-9. 


Since students are asked to measure the object and image distances from the principal 
focus, a small error in measuring the focal length f will introduce a large error in the 
plotted results. The larger the focal length of the mirror used, the more accurate the 
results will be. However, if the focal length is more than 15 cm, a longer working space 
will be needed to determine it accurately. An accurate determination of the focal length 
m. Gagner can be made by locating the image of an object that is 5 meters or more 

ens. 


Students will need a work area about one meter long. A one-meter Strip of paper tape 
Írom the tape timer (used in Experiment I-5) taped to the table can be used as an "optical 
bench." The mirror can be supported with modeling clay. 


A small porcelain socket is best for holding the flashlight bulb in place, although a 
dial light socket mounted on a small flat strip of wood also makes a good mounting. The ' 
bulb can also be mounted by soldering two connecting wires to the base of the flashlight 
bulb and then molding a lump of modeling clay around the base of the bulb to hold it up- 
right. The filament of the bulb and the center of the mirror should be the same height 
above the table. 


Finding the image by parallax may be difficult for some students. You can quickly 
check on proper manipulation by comparing the 8081 product with P . If the two values 


are more than about 5% off, it may be necessary to give some individual help in locating 
the image. Since one of the purposes of the experiment is to have the student discover 
the relation between S and 81˙ do not suggest that he check each pair of values this way 
as he measures them. 


Results with an error of up to 5% are not unusual with the apparatus and technique 
used. Although care and patience will improve results, avoid losing the purpose of the 
experiment by insisting on a high degree of accuracy. Measuring distances to the nearest 
half centimeter will give satisfactory results. 

A convenient parallax indicator is made of a piece of wire or a common pin stuck into 
a cork stopper. A pin is just wide enough to about cover the image of the filament but 
does not overlap too much at most places. This makes accurate location possible. The 
mounting is not essential, provided one is careful to hold the wire vertically. Be sure the 
students locate the image of the filament and not the image of the parallax indicator when 
the filament is between the mirror and the focal point. 

The flashlight bulb makes a bright image which stands out from the background. Make 
sure the students truly sense that the real image is in front of the mirror. The discussion 
of the distinction between real and virtual images should be delayed until after they have 
been studied in the textbook. 


Answers to Questions 

The image is inverted when the object is beyond the principal focus, and right side up 
when the object is between the principal focus and the mirror. The image is smaller than 
the object when the object distance is larger than the focal length f. The image is larger 
than the object when the object distance is less than f. The image is the same size as the 
object when the object distance equals E 


2 
The plot of S, vs. 1/8, wil give a straight line with a slope equal to 1/t" [Fig. (a)]. 
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VIRTUAL IMAGE 


00 0.1 ^8 0.3 0.4 
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Figure (a) 


The image is sharply defined for all positions of the object except when the object is at 


the focus or close to it. When the object is at the focus, the image is at infinity and can- 
not be seen. 


Have the students select four or five points from their graphs and calculate 8081 


APPARATUS 
1 Good concave mirror (about 2" dia; 10 cm f.l.) 
‘1 Long strip of paper (about 1.5 meters of timer tape or adding-machine tape) 
1 2.5-v. flashlight bulb; #41 and socket (porcelain) 
1 #6 Dry cell 14 volts 
2 Connecting wires (about 1 foot long) 
1 Lump modeling clay (about 10 gm) 
1 Sharp, hard-lead pencil 
1 Meter stick 
1 Piece of straight wire (about 3" of #22), or a pin 
1 Cork (#2 or #4) 
1 Sheet rectilinear. graph paper 


n-3 (1) 
II-3. REFRACTION 


t The purpose of this experiment is to discover Snell's law. Therefore, the experiment 
is most appropriately done before the discussion of Section 13-3. 


The vertical line on the straight side of the plastic box is more easily seen through 
the liquid if it is darkened with red pencil. With polar coordinate graph paper, it is pos- 
sible to read the angles directly from the pin holes to within 0.2°. If other graph paper 
is used, the incident ray and refracted ray should be constructed with a sharp pencil to 
avoid unnecessary errors in angle measurement. Corrugated or soft cardboard placed 
under the graph paper makes pin placement easier. 


The object pin should be about 4 cm from the vertical line on the plastic box. Other- 
ck er cea distances and large angles of incidence, the image becomes dim and 
storted. 


We recommend that the students calculate the ratio of the sines of the angles. This 
method is more accurate and faster than finding the ratio of the semi-chords. In addition, 
this will give the students a familiarity with the sine function which is used in much of 
the material in Chapter 13. 


You may wish to have different students do the experiment with different liquids. Some 
liquids that will not discolor or dissolve the plastic box are: glycerine, mineral oil, motor 
oil (n ~ 1.5); salt solution; sugar solution. Do not use carbon tetrachloride, carbon di- 
,Sulfide, turpentine, acids or bases. 


If the experiment is performed with care, sin i/sin r is more nearly constant than 
i/r [Fig. (a)]. But if a student fails to obtain accurate data at large angles of incidence, 
he will not be able to decide which is the better relation. In borderline cases, suggest to 
the student that he repeat some of his measurements at large angles. 


--- i/r 


refraction in water 


——— sini/sin r 


angle of incidence 
Figure (a) 


APPARATUS 
— 


deep) 
lar clear plastic box (6 em rad., 3 cm ^ 
4 Pame recti E coordinate graph paper, or 2 sheets rectangular and 2 sheets 
polar coordinate paper 
1 Sheet of soft cardboard 
2 Pins ~ 1" 
Mineral oil (about 75 en) or other suitable liquids 
1 Sharp, hard-lead pencil ; 1 
1 PEG apta or a circular Scribe (if polar paper is not. 1 8 8 
1 Rectangular block of glass or plastic, 2 sides clear polis 


1 Ruler 


or similar material about 8" x 11" 
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II-4. IMAGES FORMED BY A CONVERGING LENS 


In this experiment, the student becomes familiar with images 
verging lens and finds the mathematical relation between s “andl 81 eon dent: "m 
5 i 


similar to Experiment II-2 and may be omitted if the latte: 
to do it is before the discussion of Section 14-3. ^c ted edi E O 


An accurate determination of the focal length by parallax can be made locatin; 
image of an object that is 5 meters or more from the lens. - pee 


Students will need a work area of about 2 meters. A 2-meter stri pape: 

5 p of r similar 
to that used with the timer in Experiment I-5, or adding-machine paper, fastened to the 
table with tape can be used as an "optical bench." 


Two meter sticks, placed parallel to the line on the paper with one end of each cor- 
responding to a principal focus, enable the student to read S 5 and 8, directly. Note that 


8 x is always measured from the principal focus on the object side of the lens, while 81 is 


always measured from the principal focus on the other side of the lens. To avoid a sign 
convention, both S5 and 8; are considered distances and are, therefore, always positive 


(See Experiment II-2 in this Guide). Make sure that the student always looks at the object 
through the lens. The object should never be between the eye and the lens. If it is, the 


cause it is bright and stands out from the 
background. A small porcelain socket is best for holding the bulb in place. A dial light 
socket mounte 
above is available, the bulb can be wired by soldering two connecting wires to the base of 
the bulb, and then mo 
right. The filament of the bulb and 
the table. 

parallax may be difficult for some students. You can quickly 


paring the 8081 produet With e . If the two values are 


check on proper manipulation by com: 

off more than 5%, it may be necessary to give some individual help in locating the image. 
Since one of the purposes of the experiment is to have the student discover the relation 
between 8, and 81, do not suggest that the student check each pair of values when he 


measures them. 

A convenient parallax indicator is made of a piece of wire or a pin mounted in a cork 
stopper. The mounting is not essential, provided one is careful to hold the indicator verti- 
cally. Make sure that your gtudents see that the real image stands out in front of the 
lens and that the virtual image is back of the lens. 

Results with an error of up to 5% are not unusual. Care and patience wil improve re- 
sults; although this can be overdone and the purpose of the experiment lost. Measuring 
S. and 81 to the nearest half centimeter will give satisfactory results for most object 
0 


positions. 


A half lens makes it much easier to locate the virtual image because it eliminates dis- 


vides a straight surface to sight over. It is 
the diameter with a glass cutter and 
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Answers to Questions 
~ers to Questions 

The image is smaller than the object when the object is beyond the principal focus 
and larger than the object when the object is between the lens and the principal focus. The 
image will not be visible when the object is at the principal focus or near it. 


The image is inverted when the object is beyond the focus, and right side up when the 
Object is between the lens and the focus. 


The plot of S; vs. Vs, will give a straight line with the Slope equal to ve. 


APPARATUS 


1 Converging lens (about 20 cm focal length) 
1 Long strip of paper (about 1.5 m x 10 cm) 
1 2.5-v. flashlight bulb (#41) and socket 

1 #6 dry cell; 1£-y, 

2 Connecting wires 

1 Lump modeling clay (about 10 gm) 

1 Sharp, hard-lead pencil 

1 Meter stick 

1 Piece of straight wire (about 3" of #22) or a florist pin 
1 Cork (#2 or #4) 

1 Sheet graph paper 


H-5 (1) 
n-5. THE "REFRACTION" OF PARTICLES 


The aim of most of our experiments is to have the student discover new 

tions. For example, in Experiment II-3 he discovered Snell's law. Here, Ld pm 
cerned per se with the change in direction of steel balls rolling down a slope; rather, we 
want to find specifically whether the change in direction can be described by Snell's law. 
In other words, the students are asked to test a hypothesis about light. This experiment 
is most profitably done before discussing Section 15-2. 


The incline and the upper surface of the platform should be of a smooth, rigid material 
such as masonite. The two pieces, about 12" X 12" and 3" x 12", can be joined together 
with a masking-tape hinge. The larger section can be placed about 1$" above the table. 

It may be necessary to tape a sheet of paper to the incline to prevent the ball from sliding. 


Both the upper surface and the table should be smooth and level. Tf the table is rough, 
another piece of masonite can be placed at the base of the incline. A quick visual check 
on whether further leveling is necessary is provided by rolling the steel ball slowly across. 
the upper and lower surfaces. Paper wedges can be used to level the two surfaces. 


A ramp, to give the ball its initial velocity, can be made from a plastic ruler with a 
groove down the center. A 3" section and a i" section of the ruler can be fastened to- 
gether with glue as shown in Fig. (a). It is necessary to hold the ramp while the ball is 
accelerating so that the ball gains approximately the same speed on each trial. 


The papers taped to the upper and lower 
surfaces must be carefully placed so that their 
edges are parallel to each other and remain so 
for each succeeding trial. 


With the short starting ramp, it is possible 
to get large incident angles; however, it may 
be necessary to shift the paper on the lower 
surface to the right or left to pick up the 
trace. 

Different students may find different in- 
dices of refraction because the initial speed of 
the ball or the height of the upper surface is 
different. The results of a typical run are 
shown in Fig. (b). 


—-—-— i/r 


— sin i /sinr 


o 


o o 30° 
10 29 angle of incidence 


Figure (b) 
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Answers to Questions 


The particle model of light predicts that the speed of light in water is greater than 
the speed of light in air. 


It is possible to make a "lens" that will focus rolling balls if the upper and lower 
edges of the slope are parabolic in shape. 


An Extension of the Experiment 


Total internal reflection can be illustrated by rolling a ball up the incline. A piece of 
masonite must be placed on the table next to the incline to provide a continuous surface. 
The paper and soft carbon should be arranged on the two surfaces as described earlier. 
A starting ramp made from a ruler and a block of wood, about one inch higher than the 
upper surface, will give the ball sufficient speed to get over the top of the incline. The 
angle of incidence can be increased until the critical angle is reached. When the angle of 
incidence exceeds the critical angle the ball will not reach the upper surface, but will 
curve and come back down. ` 


APPARATUS 


1 Steel ball, 1" dia. 
2 Pieces 4" masonite about 12" x 15" and 3" x 15" 
2 to 4 Sheets white paper, 82" x 11" 
2 to 4 Sheets soft carbon paper (Carter No. 1432 for noiseless typewriter) 
Grooved ruler (ramp) (Block of wood, 2" x 1" x 1", to support ruler for launching ball 
or other launching device) 
Protractor 


Heavy masking tape 


n-6 (1) 
n-6. THE INTENSITY OF ILLUMINATION AS A FUNCTION OF DISTANCE 


This experiment tests a prediction of the particle model of light, that the int 
; ; ensity of 
i ilumination is inversely proportional to the square of the distance. With an ere 
introduction, it may be done before the discussion of Section 15-3. Experiment I-4 is 
pertinent to the analysis of this experiment. : 


An alternative arrangement for.the screen shown in Figs. 1 and 2 is a library card 
fastened to two clothespins. The pencil is held in place by inserting the point in a one- 
hole stopper. If the bulb sockets are mounted permanently on a wooden base instead of 
with burette clamps fastened to a ringstand as shown in the Laboratory Guide, the wood 
should be painted with flat black to minimize reflection. 


It is convenient to place a meter stick on the table with the screen at one end and the 


four bulbs (Fig. 2) at the other end. The single bulb, B,/can then be moved along the 
meter stick and positions read directly. | 


Answers to Questions l Py 
To make sure that all the bulbs give the same 7 
illumination, compare the shadows illuminated by 57 
bulb B and by each bulb at A when both A and B I 
are equidistant from the screen. (Manufacturers' / 
tolerances or damage in shipment and handling 
will sometimes cause pulbs of the same type to 


vary in intensity. 
The bulbs must be stacked vertically to ca 

a single shadow. Analyzing the data by chlculsy l 

the values of 112 or by graphing I versus 105. 

will verify the inverse- square law with an "niii 

of about 6% - 8%. 17 
Background illumination will cause little err | 

Because ofthe closeness of the two- shadows, they | 

are almost equally illuminated by distant sources 
Students will probably find oa apes an V 

re than 4 times the intensity of a 49" 

bald, pinos the efficlency of incandescent bulbs incrases with their power. 
3 Í 

| APPARATUS 


5 15-watt, 117-volt light "bulbs 
5 Sockets with line cords and plugs 


| 2 3 
15e in m? 


Figure (a) 


t 5" square 
i Cad tor acres ras rr t t" dia., or 2 clothespins) 
1 Pencil 
1 One-hole rubber stopper 


1 Meter stick 


1 Graph paper, mm x 
1 Extension cord with triple outlet 


1 Cube tap 


= i n-7 (1) 
n-1. WAVES ON A COIL SPRING 


Chapter 16 presents many new ideas and 
concepts, which will be better understood i 
"€ bem den ee cud ee neis rpm the laboratory. This aver | 
d hapte erefore, should not be done in one laborat od 
in spite of the fact that it is primarily qualitative. If PRAE 
é x your schedule does t 
half periods, the experiment is best done about the middle of the chapter. aid SUN | 


The various paragraphs are almost independent of one an 

s other, so that certain rts of 
the experiment can be done as class demonstrations. For example, you may wish 1 demon- 
strate the part that requires two different coils hooked together. 


We use a coil spring in this experiment because pulses pro e slowly enough al 
it to be easily observed. A smooth floor is essential. The dedu of ine 1 
wire coil and the large flat coil (Fig. 1) gives an optimum splitting of a pulse into a re- 
flected and a transmitted part. 

The partial reflection and transmission at the junction of the two coils is best seen 
when the two coils are stretched to equal length. To achieve this, only about one-third of 
the large coil should be stretched. y 


The laboratory guide does not contain instructions on how to shake pulses. We believe 
that this is best learned by seeing it done. To obtain short pulses a rapid snapping motion 
of the arm is required. Care should be taken not to overshoot the starting position during 
the backswing of the arm; 
coil is stretched, à twist is introduced which causes @ different att 
the tail of the pulse, thereby distorting it. To avoid this, have you 


to one end of the coil as shown in Fig. 
ring to "unwind," thus preventing the build-up of the twist. 


To study the reflection of a pulse at the junction of the large coil and the thread, the 
thread must be several meters long. If a short thread is used, the head of the pulse will 
reflect from the fixed end of the thread and superpose with the tail of the pulse before the 
latter reaches the junction. 


Answers to Questions 
The pulse definitely attenuates as it travels along the spring. Only if the floor is 
smooth enough, the spring tight enough, and the twist removed can the student be expected 
to conclude that the shape of the pulse remains basically unchanged. 

The speed of the pulse does not change as it moves along the spring; it is independent 


of the size of the pulse within the experimental accuracy obtainable with a stop watch. 
The assumption that the speed of the pulse does not decrease upon each reflection can 
be checked by comparing the time it takes the pulse to make two or more trips down and 
back with the time required for one round trip. 
The speed of the pulse increases as the tension in the spring increases. Two springs 
of the same material stretched to different lengths are therefore different media. 
When pulses collide, they seem to pass through each other without change. 

imum displacement of the spring when the pulses meet is approximately the 

two separate displacements. The students can determine this to an accuracy of . 


gs it is partly reflected and 


junction between the two sprin 
1158. cde 2 lected right side up, while 


f 
rth transmitted. Pulses traveling on the small spring are re! 
ia on the large spring are reflected upside down. 
hen they reach the thread; pulses are 
n the large spring reflect right side up W! 
veftected upside down from a fixed end. The speed of the pulse in the thread is much 


higher than that in a spring. 
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Hints for Demonstrations 


A long piece of rubber tubing or flexible clothesline can be hung outdoors for demon- 
stration. It has the advantage of small attenuation. Indoors a coil spring can be suspended 
horizontally from the ceiling as shown in the Teacher's Guide to the text. The spring must 
nevertheless be under considerable tension to carry the kind of waves we are studying. 


' APPARATUS 
1 Flat-wire coiled spring, 4" long, 3" dia. 
Meter stick 
1 Long thread 


1 Round-wire coiled spring, 1.75 m long, 2 cm dia. 


+. 18 (i) 
Ir-8. . PULSES IN A RIPPLE TANK 


This experiment acquaints the student with the ri i 

pple tank and is best done as - 
troduction to the first three sections of Chapter 17. The use of periodic waves and ie 
wave generator have been delayed purposely until the next experiment to allow a gradual 
transition from the pulses on a line to periodic waves in a plane. 


The depth of water in the tank should be about 5 - 7 mm for all experiment 

ts unles 

otherwise stated. (Operation is much better if water and damper covers are changed y 

after a day's use.) Generating a straight pulse requires some practice. Smaller pulses 

dide ^ iin Primas. and following the main pulse. The pulses may be curved 
e dowel is move rapidly; if it is moved too slowly, the ses will be 

ta.bevisibla, A ruler cau RaRa AEA oE MOLD D js dca 


The opposite end of the tank may be used as a straight reflecting barrier 
à provided the 
e a the tank is vertical. By changing the direction of the dowel, the incident angle is 


For the latter part of the experiment, bending a rubber tube as shown in the Laboratory 
Guide gives a satisfactory approximation to a parabola. Circular pulses can be clearly 
produced by allowing a drop of water to fall into the tank from an eye-dropper. 


Answers to Questions 


The pulse starts almost from a point and expands in a circular pattern; hence the 
speed is the same in all directions. 


Straight pulses remain straight as they move along the tank, provided they are wide 
enough to cover the whole tank. When a pulse does not cover the whole tank, it curves 
at the ends. This is particularly noticeable after the pulse has been reflected. 


The angle of reflection appears to be equal to the angle of incidence. 

The virtual source of a circular pulse reflected from a straight barrier is as far be- 
hind the barrier as the source is in front of the barrier. This can be explained only with 
the assumption that the angle of incidence equals the angle of reflection. A straight barrier 
reflects a straight pulse similarly to the way that a plane mirror reflects a parallel beam 
of light; it reflects a circular pulse similarly to the way that a plane mirror reflects a 
divergent beam of light. ` 

Straight pulses reflected by a parabola are brought to a focus, which again can be ex- 
plained only on the basis that the angle of incidence equals the angle of reflection. 


The direction of motion of a small segment of a pulse may be indicated by drawing a 
directed normal to the segment. Connecting the successive normals to 2 segment results 
in a picture similar to the ray diagrams studied in Chapter 12 (Fig. 12-16). 

When circular pulses are generated at the focus of the parabola, the reflected pulses 
are straight. There are no other points that will give the same result. To explain these 
observations, it is necessary to assume that the angles of incidence and reflection are 


equal. 
APPARATUS 


1 Ripple tank and dampers 


1 Ripple-tank stand 
1 150 watt clear-glass light bulb (straight filament), shield and socket 


18" Length of thick-walled rubber tubing, diam. about 4 
1 15" to 18" length of 2" dowel 


4 Paraffin blocks 
Large white paper screen about 2' square 


4 Wooden wedges (g" X 3") 
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e PERIODIC WAVES 


This important experiment is most appropriately done after studying Section 17-4. Its 
main purpose is to drive home the use of the relation, v = fÀ. The experiment also 
demonstrates that the speed of propagation of waves in a ripple tank varies with the depth 
of the water, thus preparing the ground for Experiment II-10 on refraction. 


To obtain clear waves, connect the battery in such a way that the motor will turn in 
the direction away from the tank. A low and steady frequency can be obtained by setting 
the rheostat slightly above the stalling point of the motor. This will result in a frequency 
of about 5 to 7 cycles per second. For low-frequency waves, adjust the nut on the shaft 
to give higher amplitude. Before taking qualitative measurements some practice may be 
necessary, to make sure that the generator will operate at low frequency long enough to 
take several measurements of frequency and wave length. It is important to work with a 
low frequency. For frequencies of 10 c.p.s. or more, a change in the depth of the water 
from the standard i - $ cm to 2 cm will not produce an observable change in the speed 
of the waves. Fig. (a) shows the dependence of the speed of water waves on frequency 
and depth. 


40 


H- depth of water. 


20 
H=0.4cm 


Velocity in cm/sec 


96 5 10 15 20 
Frequency in sec”! 


Figure (a) 


waves on a coil spring and in later ripple-tank eee 
will be observed by most students. You may wish to trea 

n and as another way of measuring wave 
ssed in more detail in 


In the process ed pene 
using barriers, standing . . pee 
n erdan to Part IV and are discu 
Section 34-5. 

If a small and a large co 
best to allow only about one- 
in the hand. 


(see Experiment H-7), it is 


iled steel spring are tied together t MA M 


third of the large spring to extend while the re 
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Answers to Questions 


When the waves are stopped by the Stroboscope with the two slits open, their frequency 

is twice the frequency of rotation of the Stroboscope; with four slits open, the frequency of 

.the waves is four times that of the Stroboscope - provided no higher frequency of rotation 
Btops the waves. 


The accuracy of the speed determination can be found by first calculating the mean of 
all measurements, then calculating the deviations from the mean value, and finally, the 
mean of the absolute value of the deviations. (This procedure is simpler than finding the 
root mean square). The mean deviation divided by the over-all mean yields the fractional 
error, which can be expressed in per cent. 


Because the images of the waves are magnified on the screen, it is necessary to scale 
down the measurements of distance accordingly. The students can try to figure out how to 
determine the scaling factor. There are several ways to do this. One way is to place an 
opaque block of known length in the tank and compare its length with that of its shadow on 
the screen. To avoid the indistinct shadows cast by the water meniscus at the edges of 
the block, the block can be held just below the glass in the ripple tank. Another way is to 
measure the distance from the light source to the tank and from the light source to the 
Screen and take the ratio. 


The distance between two bright bars in the Standing wave pattern is one-half the wave 
length of the traveling wave. The wave length can be determined from the standing wave 
pattern by finding the distance across, say, ten bright bars and dividing by five. 


Both ends of the spring can be considered to be nodes as long as the hand maintaining 
the standing waves moves with a small amplitude. This will happen only if half the wave 
length fits an integral number of times into the length of the spring. At this point, it is 
not important for the students to find the quantitative relation between possible wave lengths 
of standing waves and the length of the spring; but if they do, this will be very useful in 
their study of energy levels of atoms in Part IV. You can also mention standing waves in 
sound-producing instruments. 


If you use the two coil springs of Experiment II-7 tied together, the frequencies in both 
will be the same; the wave length will be less in the small Spring than in the large spring; 
hence the velocity in the small Spring is less than that in the large spring. 


APPARATUS 


1 Complete ripple-tank apparatus; this consists of: 
z 1 Ripple tank and dampers 
1 Stand for ripple tank 
1 Wave generator 
1 Support for generator 
1 150-watt clear glass straight-filament bulb with 
3 socket, shield and cord 
1 Support for lamp 
1 1 -v. battery, #6 dry cell 
1 6-ohm rheostat 
1 Connecting wire - rheostat to battery 
1 Paper screen, about 2 ft. square 
2 Barriers, paraffin blocks 
2 Hand stroboscopes 
1 Stop watch or clock with sweep second hand 
1 Ruler or meter stick 
Materials for Exp. II-7 
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I-10. REFRACTION OF WAVES 


This experiment is basically qualitative and should 

precede the study of Section 17-5. 
4 careful measurements, the quantitative relation between the angles of Incidence 
aa 15 raction can also be established, but with the present equipment, only a few students 
should be encouraged to do this. The main problem is to keep the frequency constant. 


Waves generated at the rate of 5 to 7 cycles per second will be noticeably ref: 
racted 

nes pae br el sid section into the shallower section at an angle. Ts point 

ource oi 8 used to guarantee wave images that 

of their direction. ; neces en 


During this experiment, it is very important to keep the motor running so that the fre- 
quency will remain constant. This will prevent untimely discovery of dispersion. At the 
end of the experiment, you may wish to call the students' attention to dispersion by suggest- 
ing that they observe the change in the angle of reflection when the frequency is increased. 


Answers to Questions 
The refracted waves are straight. Without taking quantitative measurements, one sees 


that the angle of refractiom is less than the angle of incidence. Both the wave length and 
speed of waves in the shallower section are less than in the deeper section. 


Because the speed of the waves in the shallow water is less, the wave model agrees 
with the refraction of light better than does the particle model. i 

The angles of incidence should be chosen from a range of 20° to about 70°. The ratio 
of sin i/sin r will be nearly constant. However, the accuracy is not sufficient to conclude 
that the above ratio is closer to a constant than i/r. 


Supplement 

Several problems in the HDL section of Chapter 17 relate to situations which can easily 
be realized in the ripple tank, The value of these problems will be greatly enhanced if 
your students work them out in the laboratory. 

Problem 4 A satisfactory ellipse can be made in the following way: first bend a piece 
of rubber tubing into a circle, connecting the two ends by a short dowel or glass tube. 
Place the tube in the ripple tank and squeeze it into an elliptical shape by pressing it with 
two blocks opposite each other. 

Problem 5 To obtain satisfactory results be sure that the reflectors are straight and 
at right angles to each other. Any deviation is amplified by the reflection. 

Problem 13 You can use a glass plate resting on the tank on one side and a few 
washers on the other. It is important to keep the slope of the plate small to obtain gradual 
bending. A depth of about 4 cm is suitable. 

Problems 15 and 16 A lens can be sawed from a piece of lucite. It should be long 
enough to cover about half the width of the tank or more, but should be rather narrow 80 
that the waves will not attenuate much over it. The exact shape of the lens is not im- 
portant; two intersecting arcs or an ellipse will be satisfactory. In the latter case, you 
can use the outside piece of lucite as an elliptical reflector for Problem 4. The depth of 
the water in the deep part of the tank should be at least 1.5 cm and no more than 2 mm 


over the lens. 


APPARATUS 


1 Complete ripple-tank apparatus (see Exp. II- 9) 


1 Trapezoidal glass plate 
Supports for glass plate (coins, washers, etc.) 


1 Hand stroboscope 
1 Stop watch or clock with sweep second hand 


1 Meter stick or ruler 


111 (1) 
rib WAVES AND OBSTACLES 


The purpose of this experiment is to show that waves bend 
when the: - 
mace ud bod ponema decreases with the wave length. This does not ROM i 0 
suggests that the wave le: of light is mall. expe: 
is best done before studying Section 17-7. = wie on 198 5 ngA 


To obtain clean waves at high frequency the edges of the 
generator must be smooth. 
Have the students follow the instructions supplied with the kit. Air bubbles can be removed 
by rubbing a finger along the edge of the generator after it is placed in the water. Before 
sor iid m are d with obstacles, have your students check the straight waves 
` strange lines and patterns appear, the erator i i 
This check is essential. ur C 


The ends of the paraffin blocks used as barriers should be cut smoothly to form a 45° 
trapezoid as shown in Fig. (a). The longer side should face the generator. A 
block about 5 cm long makes a good obstacle. Under normal conditions its apparent length 
on the screen will be about 10 cm. 


Paraffin blocks 


Beveled edges are easily made with o pocket knife. 
Such edges provide clearly defined slits. A variety 
of sizes allows many different slit spacings. 


Figure (a) 


Answers to Questions 
When the wave length is about half the size of the obstacle or larger (both measured on 
the screen) the waves bend strongly around the obstacle. 


Far enough behind the obstacle the waves fuse together and the presence of the obstacle 
cannot be sensed; the block does not cast a sharp shadow. 


As the wave length decreases, the shadow becomes sharper. ; 


The diffraction by a slit shows a similar dependence on wave length. Some patterns 
are shown in Fig. (b). We have drawn only the central maximum of the pattern. In some 
cases, students will observe secondary maxima. (This is not the time to elaborate on the 
detailed structure of a single slit diffraction pattern. This is done in Chapter 19). At this 
time it suffices to mention that the secondary maxima are very weak and that they too ap- 
pear at smaller angles to the original direction of propagation as the wave length decreases. 


For a constant wave length, progressively smaller slits produce more bending. The 


change in ern which results from the decrease in the width of the slit can be compen- 
eed for 1 corn the wave length. A quantitative study would show tat SRT 
is determined by the ratio of wave length to width of the slit. It is not wise to a! 2 0 

do this in the ripple tank because the quality of the wave images seen on the iu 9780 5 
changes with frequency. Details seen at one frequency may not be seen at ano! 


\/d is the same. 
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» 


Figure (b) 


APPARATUS 


1 Complete ripple-tank apparatus (see Exp. II-9) 
1 Small barrier, paraffin 

4 Barriers, paraffin blocks 

1 Hand stroboscope 

1 Meter stick or ruler 
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I-12. WAVES FROM TWO POINT SOURCES 


This experiment is divided into two parts: the first part is 

: I ? qualitative and serves as 
an introduction to Chapter 18; the second part is quantitative and should come after the 
discussion of Section 18-4. à 


It takes only a few seconds to look at an interference pattern, but it requires a much 
longer time to observe the details and to be able to describe the pattern. Learning to de- 
seribe what one sees is an important part of science. This experiment should not be re- 
placed by a demonstration! 


A wave length of about 2 cm on the screen is a good starting point. 


We are primarily interested in the pattern far from the sources. Therefore a high 
amplitude is desirable. In order to observe the waves close to the sources, the amplitude 
must be reduced by adjusting the nut and by arranging the wave generator so the beads 
barely touch the water. . 


Answers to Questions 


The main features of the pattern are: waves travel outward from the sources; the 
waves are separated by paths of no disturbance (nodal lines); far from the sources these 
lines are straight and appear to radiate from the point midway between the sources; closer 
to the sources they curve. "Stopping" the waves with a stroboscope will show that the 
waves separated by lines of no disturbance are out of step: each crest is flanked by two 
troughs. With small amplitude, a standing wave may be observed between the sources. 


When the wave length is decreased, the number of lines of no disturbance increases. 
The patterns are always symmetrical about the perpendicular bisector of the line between 
the two sources. We always see moving waves along the bisector. When the source sepa- 
ration is increased the number of nodal lines increases. 


Students should be encouraged to draw Sketches on the screen as they answer these 
questions. 


In the second part of the experiment the wave length of a periodic wave is calculated 
from measurements on the interference pattern and the separation of the sources. The 
result is then checked by direct measurement on the screen to give the students confidence 
in the method they will use in Experiment II-14 to measure the wave length of red light. 


Make sure your students measure x, L and d on the screen, giving them the wave 
length as measured on the screen. 


Answers to Questions 
The results of the two measurements agree within 5 to 10 per cent. The main sources 

of error are variations in the frequency of the motor and failure to "stop" the waves long 

enough to measure their length accurately. 

at all the measurements with slits, they need only to obtain the 

lves that they can measure the wave length from the pattern. 


diffraction, the width of the slits has idi EIE 1753 Tog 
length. If, on the other hand, the slits are too narrow, not enough intensity ` 
vache The 5-cm block used in Experiment I-11 can serve as the RT car a 
two slits. Fig. (a) shows the arrangements of the glits. An interference pat! 


expected to occur only where the waves from the two slits overlap, which is most clearly 


visible in the central region. 


Students need not repe 
pattern to convince themse 


To obtain wide enough 
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blocks can be moved 


to adjust width of 


straight wave generator 
Figure (a) 


You may suggest that your students cover one slit and see what happens. They will 
repeat this with light in Experiment I-14. 


APPARATUS 


1 Complete ripple-tank apparatus (see Exp. H-9) 
1 Hand stroboscope 

1 Meter stick or ruler 

1 Small barrier, paraffin block 

4 Barriers, paraffin blocks 
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I-13. INTERFERENCE AND PHASE 


Understanding the effect of phase on the interference pattern is essential to the discus- 
sion of the interference of light. This experiment, therefore, prepares the way for Section 
19-3 of the text. It is best done at the beginning of the discussion of Section 18-5. 


The experiment consists of two parts using different wave generators. There is an ad- 
vantage in doing them in the order in which they appear in the Laboratory Guide, but little 
harm is done if half the class starts with the first part and half with the second part. 


Each of the coat-hanger wires shown in Fig. 2 is held between two metal plates (stand- 
ard repair plates), which are screwed together and clamped to the chair. The distance 
between the bend in the wire and the metal plate is 4 to 6 in. To increase the frequency, 
reduce this distance. 


Answers to Questions 


When the right-hand source is delayed with respect to the left-hand source, the pattern 
shifts to the right. When, for example, this phase delay is i , the first nodal line to the 
left has taken the position of the central maximum in the in-phase pattern; the first nodal 
line to the right has moved to a position about halfway between the first and second nodal 
lines in the in-phase pattern. When the phase delay ig increased to 1, the sources are 
again in phase; the first nodal line has moved to the position of the second line, and so on. 


Changing the phase while the generators operate would result in a sweeping motion of 
the nodal lines and their curving away from the direction af the motion. This is actually 
observed in the next part of the experiment when the two generators do not have exactly 
the same frequency. ("Two sources with the same frequency put changing phase" really 

means "two sources with almost the same frequency.") 


— 


When the ends of the wires are plucked, the phase delay between the two sources 
changes abruptly, and with it the interference pattern. Tf such changes took place very 
rapidly, we could expect that the interference pattern would be washed out completely. 


Fig. (a) shows another way of generating waves with adjustable phase delay. The ar- 
1 the paraffin blocks is the same as in Fig. (a) of Experiment H-12. The width 
of the slits must be less than one wave length so they will approximate point sources. 
Rotating the generator changes the phase of the two sources (slits). If the generator sup- 
port is rotated very slowly without disturbing the generator, the effect of varying the phase 


can be observed. 


meter sticks 


tope ce 


"C"clamp 


Figure (a) 
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APPARATUS 


1 Complete ripple-tank apparatus (see Exp. II-9) 
1 Hand stroboscope 

1 Adjustable phase wave generator 

1 14-v. dry cell 

2 Coat hangers 

4 Metal plates 

2 Alligator clasps with beads attached 
2 C clamps 

2 Sliders 

2 Meter sticks 

1 Small barrier, paraffin block 

4 Barriers, paraffin blocks 
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II-14. YOUNG'S EXPERIMENT 


This experiment is in a sense the climax f 
1 of the study of waves. It is best done before 


In preparing the slits, the best results are obtained by usi 
1 ng microscope slides coated 
E A jh mep a 15 graphite in water. A thin, opaque layer of the colloid can be 
ith a soft brush. e slits should be made as suggested in ; 
after the coating has dried. 155 e 


As an alternative, the slides can be coated with carbon black. This 18 done by holding 
the slide above a candle flame until a thin layer of carbon is deposited. Attempts to pre- 
pare good slits with slides coated with other kinds of material have not been successful; 
the coat chips when scratched. 


Two clean, double-edged razor plades tilted slightly forward as shown in Fig. 1 will 
produce slits that are separated by a distance equal to the thickness of one blade. If the 
same kind of blades are used to produce the slits as were measured in Experiment I-3, 
it is not necessary to measure their thickness again. 


. A 40-watt clear-glass showcase bulb is a good light source because of the long, straight 
filament. If this is not available, a ripple-tank bulb or a weaker clear-glass bulb with a 


straight filament can be used. In either case, the slits should be parallel to the filament. 


It might be worth while to have one ripple tank set up during this experiment. The 
similarities and differences between measurements of the directions of nodal lines in the 
ripple tank can then be related to the measurements with light. Note that in this experi- 
ment the pupil of the eye subtends the entire interference pattern of the light waves. The 
analogous situation in the ripple tank would require an "eye" as large as the tank. 


Answers to Questions . 


Light from the bulb passing through the narrow slits is diffracted. The light from the 
two slits overlaps, producing an interference pattern. Dark bars are seen along the nodal 
lines and bright bars along the direction of maximum disturbance. 

The bars near the end of the pattern will be colored if the colors making up white 
light are waves of different wave length. Such waves will have maxima and nodal lines in 
different directions. 

When the bulb is covered with red cellophane the other colors are cut out, leaving à 
sharper pattern of red and black bars. More bars are clearly seen. 

From Fig. 2, it is seen that a. equals half the distance between 2n nodal lines divided 
by the distance between the ruler and the slits. (Since 8. is small, the distance from the 
glits to the ruler along any of the nodal lines is the same, within experimental error.) 
can be determined to an accuracy of about 10 to 20 per 
cent. The main sources of error are the measurements of X and the separation of the 
slits. It should be remembered that even the most accurate measurements give a value 
dependent on the range of wave lengths passed by the filter. 

Blue light will show alternating light and dark bars that are C 
from red light; thus, blue light has a Shorter wave length. 


tal 
ern is spread out when the slide is rotated to form a horizon 
line of sight. This is caused by an effective decrease in the 


loser together than bars 


The interference patt 
angle of about 30? with the 
slit separation [Fig. (a)]. 
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effective 


separation 
of slits 


Figure (a) 


APPARATUS 


1 Showcase lamp, clear glass, 40-watt 
1 Socket and cord 
2 Microscope slides, 1" x 3" 
2 Double-edged razor blades 
1 Piece of red cellophane 4" x 4" 
1 Piece of blue cellophane 4" x 4" 
2 Rubber bands 
1 Ring stand 
1 Burette clamp 
1 Ruler 
2 Markers for ruler 
Colloidal suspension of graphite or candle for 
lampblacking 
Masking or cellophane tape 
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I-15. DIFFRACTION OF LIGHT BY A SINGLE SLIT 


The first part of this experiment serves as an introduction to the study of single-slit 
interference. It emphasizes the similarities and differences in the appearance of single and 
double-slit interference patterns. It is pest done immediately after Experiment I-14, per- 
haps even in the same laboratory period. The second part can be done after the discussion 
of Section 19-6 and is of less importance. 


T dr slides used in making single slits should be prepared as described in Experiment 


One of a pair of slits can be blocked off by moving the razor blade slowly along the . 
glide until the edge of the blade covers one of the slits. i 


Answers to Questions 

A very narrow slit made with a razor blade shows a broad bright band. A slit made 
with a needle shows a pattern of bright and dark bars. The central bar is twice as wide 
as those on both sides and much brighter. (With a narrow slit only the central maximum 
of the diffraction pattern is visible.) 

The dark bars seen with the double slit disappear, leaving the broad diffraction band of 
a single slit. The places which were dark are now light: A particle model of light could 
not account for this. 

The width of the slit, w, can be calculated from the relation E = = where x is half the 


width of the central maximum as read on the scale and L is the distance between the slit 
and the scale. With wider slits the accuracy of the determination of x can be increased by 
measuring the distance separating the nodal lines on both sides of the second maxima and 


dividing the width by four. 

The error in the determination of the width of the slit is about 50 per cent. 

For comparison, 2 direct way to measure the width of a single slit is to project the 
glit on a screen with a slide projector. The magnification can be found by placing à flat, 
transparent scale in the projector in place of the slide. Ë 
Demonstration (for Sections 19-5 and 19-6) 

Fig. (a) shows a simple arrangement which you can use to demonstrate that many point 
sources Close together produce the same diffraction pattern as a straight source bel 


a slit. 


Figure (8) 
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Arrange the paraffin blocks to form a slit equal in width to the "multipoint source." 
Show the diffraction pattern with the straight generator, marking the directions of the nodal 
lines on the screen. Then place the row of point sources in the slit and adjust the wave 
length to be the same as before. Compare the directions of the nodal lines with those 
marked on the screen. 


APPARATUS 


Same as for Experiment Il-14 
1 Sewing needle or straight pin 


Ripple-tank equipment 


a 


1-16 (i) 
16. RESOLUTION 


T ae 5 how . by a small aperture affects the resolution of 
space ght sources. e experiment does not require a full la 
and is best done while studying Section 19-8. v 1 


The best way to make smaller apertures is to place the foil on a smooth, hard surface 
and push the point of a pin or needle through the foil to different depths. 


It is necessary for the filament of the clear-glass bulb to be directly behind the two 
holes to allow enough light to pass through the hole to make the diffraction rings readily 
visible. As many as four or five concentric rings around the two holes will be visible 
through some of the apertures. Speckled patterns or irregular rings which rotate when the 
aperture is rotated are caused by irregularities in the apertures. It is difficult to prevent 
this, especially with the smaller apertures, but this will not interfere with the experiment. 
Students with poor eyesight and no correction may have difficulty resolving the source at 
a moderate distance without the apertures. 


In this experiment there is no interference pattern even when the two sources overlap; 
the light coming through the two holes originates from different parts of the filament and 
is, therefore, not locked in phase. 


Answers to Questions 


The two separate points of light can be resolved with the eye at distances of several 
meters. The size of the aperture is the size of the pupil of the eye, about 0.5 cm. 


The two sources will probably be resolved with one of the middle-sized apertures at a 
distance of 1 to 2 meters, depending on the size of the aperture. As the distance is in- 
creased, the edges of the two sources gradually come together until they begin to overlap. 


With increasing distance from the sources, there is a decrease in the angle between 
the two directions in which we see the centers of the sources. The central maxima of the 
diffraction pattern of the sources are cones diverging from the aperture. These cones 
finally overlap when the angle between the direction to the sources becomes smaller than 
the apex angle of the cone. 

As the aperture decreases in size, the angular widths of the diffraction cones of the 
central maxima increase until the cones overlap. 


Red light diffracts more than blue light, because it has a longer wave length. Thus, the 
diffraction cones of the red light are wider and the sources overlap sooner. 


The resolution of the two sources will not be affected by changing their size if their 


minimum separation is kept constant, because it is the diffraction of the light from the 


inner edges which determines the resolution. 
Supplement 
If a monochromatic li 


solving distance from the 
separation of the sources. 


ght source such as a sodium lamp is available, the largest re- 
two sources can be studied quantitatively as à funetion of the 
Plotting the results on a graph will show a linear relationship. 


APPARATUS 
— 


1 Incandescent clear glass lamp (150-watt ripple-tank lamp) 
1 Socket and cord for lamp 


1 Ringstand and burette clamp (or other stand for socket and lamp) 


1 Thin cardboard rectangle about 3" X 6" (to support aluminum foil) 
1 Pin or needle 

Red cellophane (or other red filter) 

Blue cellophane (or other blue filter) 
1 Meter stick or ruler 

Aluminum foil 

Cellulose tape 


1-17 (1) 
I-17. MEASUREMENT OF SHORT DISTANCES BY INTERFERENCE 


This experiment, like the second part of Experiment II-15, uses the wave length of 
light to measure very short distances. It is best done after studying Section 19-9. 


PONEN flat and thoroughly cleaned glass plates about 3 cm wide and 20 cm long are 
t. 


Place one clean plate on top of another under a monochromatic light source. Pairs 
that show only a few dark and light bands will be flat enough to use. r 


A monochromatic light source such as a sodium lamp is best. The light from a 
clear glass fluorescent tube will also give good results. If neither is available, a yellow 
or green filter placed over an ordinary fluorescent tube will produce countable bands. 


Various thin materials such as the thin nylon fiber from the Coulomb's law experiment 


or Saran wrap can be measured with this device. In the range of 10^? cm this method is 
as accurate as a precision micrometer caliper. i 


Answers to Questions 


The irregular light and dark bands are caused by interference between light reflected 
from the lower surface of the top plate and the top surface of the lower plate. This dis- 
tance will vary from one place to another over the surface. 


When one band replaces another, the top plate has been pushed À /2 closer to the lower 
plate. y 

The separation of the plates differs by one-half wave length between two adjacent bright 
bands. è 


The range of thickness that can be measured with these plates is limited by our ability 
to resolve and count the bands. The lower limit is determined by the flatness and clean- 
ness of the plates. 


APPARATUS 


2 Glass plates 20 em X 5 cm X 1 em thick, flat plate glass 


2 Rubber bands 
1 Fluorescent lamp (at least 10" long) with fixtures and cord or other 


monochromatic light source 
Thin materials; small pieces 5 cm long, about 1 cm wide, 0.002 to 


0.006 cm thick 
1 Ruler 


Micrometer caliper 


